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Abstract
Waste management is a contentious issue for public health professionals. One of the 
reasons for this is the uncertainty regarding the health effects of waste management 
installations. This uncertainty is caused by several factors; including the fact that 
exposure assessment around such installations is complex and has rarely been accurately 
carried out. The vast majority of relevant health studies have relied on simplistic 
measures of exposure, such as distance between the source of pollution and place of 
residence.
This project examines exposure to atmospheric pollutants from landfill sites and 
incinerators. Atmospheric dispersion modelling and Geographical Information Systems 
(GIS) have been used to improve exposure assessment around these installations for 
epidemiological risk assessment and health surveillance studies. The main finding was 
that there is no simple relationship between using distance as a proxy for exposure from 
landfill sites and estimating exposure using GIS analysis of modelled concentrations of 
atmospheric pollutants. The research also showed how low wind speeds and peak 
concentrations may also affect exposure assessment around environmental hazards. This 
approach was applied to several case studies and the lessons learned can be used by the 
Chemical Hazards and Poisons Division (CHaPD) of the Health Protection Agency to 
deal with similar incidents in the future.
In addition to investigating exposure assessment around landfill sites and incinerators, a 
toolkit was developed to assist public health professionals when dealing with waste 
management issues. This guide should improve the public health response to waste 
issues, making sure that waste management sites pose minimal toxicological risk to 
public health.
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EXECUTIVE SUMMARY
1. Introduction
The overall objective of the Engineering Doctorate (EngD) Programme in 
Environmental Technology is to create graduate Research Engineers ""with the 
necessary background knowledge, skills and experiences to understand the 
relationship between the environment, technology and business and to apply this 
understanding to the development, promotion and execution o f  corporate s tra teg f 
(University of Surrey and Brunei University, 2002).
In addition, the course handbook states that Research Engineers need to:
• be able to plan and execute flexible, innovative, R&D programmes that 
respond to customer needs;
• form, work within, and where necessary, lead teams with multidisciplinary 
backgrounds;
• have expert knowledge in the field ofEnvironmental Technology and be 
able to apply techniques that balance social and economic benefits against 
resource utilisation and environmental impact;
• possess a working knowledge o f project management and business 
methods;
• have excellent communication skills (University of Surrey and Brunei 
University, 2002).
In order to demonstrate attainment of these objectives, the research project is 
presented as a portfolio of the work undertaken throughout the four-year programme, 
comprising a thesis and a series of appendices to support the work presented in this 
thesis.
The aim of this executive summary is to direct the reader to the evidence within the 
thesis demonstrating contributions to knowledge. The summary is divided into three 
main sections comprising an overview of the project, a summary of the contributions 
to knowledge and the final project outputs are set within the context of 
environmental technology.
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2. Project overview
Waste management is an important issue for public health professionals. There 
are several reasons for this. Undeniably, the biggest factor is public concern about 
the adverse health impacts of waste management installations. The health effects 
of these installations can be examined using epidemiological, health surveillance 
or risk assessment studies around these sites. However several factors limit these 
studies, including a lack of accurate exposure assessment. There are also concerns 
about the sustainability of current waste management practices and the impact 
that these may have upon resource use (Clift, 2000). In turn, these environmental 
impacts are expected to have serious effects on human health (Me Michael, 2001).
There have been many epidemiological and risk assessment studies carried out 
around both landfill sites and incinerators. As mentioned before, one of the 
reasons it is difficult to draw any conclusions fi*om these studies is the lack of 
accurate exposure assessment. Exposure assessment around landfill sites and 
incinerators is extremely difficult for a number of reasons, including the large 
number of exposure pathways, a lack of understanding of how pollutants move in 
the environment and the difficulties associated with linking environmental 
concentrations of pollution to population data. These issues have meant that most 
epidemiological studies around these sites have used distance from place of 
residence to the centre of the waste management site as a proxy for exposure. This 
assumption is based on the idea that those who live closest to the waste 
management sites are most exposed and those who live further away are less 
exposed. This may, however, be a simplification as exposure is affected by factors 
such as wind direction, terrain and ground water usage. Better exposure 
assessment is recognised as one of the key ways of improving the understanding 
of the health effects of waste sites. This study uses a series of case studies to 
examine exposure assessment around these sites.
Waste management is a complex public health issue. This is not only because of 
scientific uncertainty about the possible adverse health effects of such
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installations, but also because of their potential impact on resource use, local 
traffic volume and socio-economic inequalities. Waste management is therefore 
an extremely difficult issue for public health professionals who often have little 
experience of dealing with these types of hazards. As a result of experience 
gained fi’om the exposure assessment case studies, a review of previous landfill 
and incineration incidents reported to the Chemical Hazards and Poisons Division 
(London) CHaPD (L), and a review of other methodologies for dealing with 
chemicals incidents, it has been possible to develop a toolkit (see Chapter 8 and 
Appendix B) to help health professionals deal with waste management issues.
3. Contributions to Knowledge
There are two outputs of this research. The first is a thorough examination of 
exposure assessment to atmospheric pollutants around landfill sites and incinerators. 
Innovative approaches have been used to assess exposure around these sites to enable 
epidemiological, health risk assessment and health surveillance studies. It should be 
noted that it was beyond the remit of this project to consider all the relevant exposure 
pathways around waste installations. Consequently the only exposure pathway 
considered in this work, is the inhalation of atmospheric pollutants. It should also be 
noted that it was beyond the remit of this work to validate any estimates of exposure. 
The second output is the development of a toolkit to help health professionals deal 
with the health aspects of waste management
3.1 Improved estimates of exposure around landfill sites
There have been many epidemiological studies around landfill sites, most o f which 
have used the distance between the landfill site and place of residence, as a proxy for 
exposure. This approach to exposure assessment has been cited as a major limitation 
of these studies and one of the major reasons why the health effects of landfill sites 
are not fully understood (Dolk, 2002).
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This project investigates exposure to atmospheric pollutants emitted from a landfill 
site and examines how better estimates of exposure can be used for an 
epidemiological study. Landfill sites are large area sources of pollution that release 
many pollutants, meaning there are practical problems associated with using 
atmospheric dispersion modelling to estimate pollutant concentrations around these 
sites. This study has identified what these difficulties are and proposes a 
methodology for estimating concentrations of pollutants from these sites.
For the first time, the output from atmospheric dispersion modelling around a landfill 
site has been successfully linked to population and health data for use in an 
epidemiological study. This linkage was done using a Geographical Information 
System (GIS). This is a complex process with many associated uncertainties. These 
uncertainties are outlined and the effect that some of these factors may have upon 
estimated exposure is examined in chapters 3, 4 and 5.
The exposure assessment was carried out following an epidemiological study that 
used distance from place of residence to the centre of the landfill site as a proxy for 
exposure and found an increase in several adverse health effects closer to the site. 
Reanalysis of the epidemiological data using the refined estimates of exposure did 
not indicate increased adverse health effects with increased exposure. This suggested 
that atmospheric pollutants from the landfill site are not the cause of the increased 
number of adverse health effects. Further analysis of the two measures of exposure 
showed a complex relationship suggesting that for the air pathway at least, distance 
may not be an appropriate measure of exposure.
A risk assessment was also carried out around the landfill site using predicted 
pollution data along with toxicology and population data (chapter 4). This showed 
that, based on the available data, the inhalation risks from this landfill site appear to 
be low and emission rates from the landfill site would need to be much higher to 
exceed either national air quality standards or Environmental Assessment Levels 
(EALS). There are, however, numerous uncertainties associated with this risk 
assessment. These have been examined and the impact that they would have upon 
results determined. This showed that estimating accurate emission rates from landfill 
sites is extremely complicated and that it may be more appropriate to use so-called
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‘inverse modelling’ (which uses ambient air concentrations above the landfill site to 
estimate concentrations) rather than estimate emission rates based on more direct 
estimates of emissions rates, for example, those from flux tents.
Investigation of the modelling results showed that concentrations of pollutants 
around the Parkwood landfill site are extremely sensitive to some meteorological 
conditions, which, although they occur infrequently, may cause concentrations of 
pollutants several orders of magnitude higher than typical concentrations around the 
site. Coupled with the fact that emission rates are extremely variable, this has 
implications for the interpretation of environmental monitoring and modelling data 
around such sites. Most risk assessments around landfill sites only consider long­
term average of pollutants. The work presented in this thesis suggests that short-term 
peak concentrations may also be relevant and need to be considered in future risk 
assessments.
3.2 Improved estimates of exposure around incinerators
In addition to improving estimates of exposure around landfill sites, the project has 
studied exposure assessment around incinerators. Incinerators are a particularly 
contentious means of waste disposal. Three incinerators have been used as case 
studies (see chapters 5, 6 and 7). This project has applied atmospheric dispersion 
modelling and GIS to link pollution data to population data for risk assessment and 
health surveillance studies. The uncertainties associated with these approaches have 
been examined. In addition, two of these case studies examined other issues 
associated with incineration. The investigation around the proposed Newhaven 
incinerator (chapter 5) showed that the risks associated with inhalation of 
atmospheric pollutants would, on the basis of the available data, be extremely low. 
Risks from traffic-associated harms would also be expected to be low; however, they 
were several orders of magnitude higher than inhalation risks from incinerator stack 
emissions. The risk assessment also considered the impacts of the proposed 
incinerator breaking down. This suggests that even in the event of an incinerator 
breakdown it is extremely unlikely that adverse health effects would occur.
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A risk assessment of the incinerator on Jersey is described in chapter 6. This shows 
that although inhalation risks from the current incinerator (which has few of the 
pollution control mechanisms of modem incinerators) are low, they are still higher 
than those expected from incinerators modem air pollution control techniques. In 
addition, a further case study examined an incinerator in Trento, northem Italy (see 
chapter 7). This case study involved commenting on a local public health 
professional’s plans to carry out a health surveillance study. This used the results of 
atmospheric dispersion modelling of emissions from a proposed incinerator, to 
delineate exposed and unexposed communities, for a health surveillance study, 
another aspect of how improved exposure assessment can help health studies.
3.3 Lessons learned that might be applicable to other types of chemical incidents
The work presented in chapters 3,4, 5, 6 and 7 on improved exposure assessment has 
only examined inhalation exposure from landfill sites and incinerators. Many of the 
lessons leamed, however, are applicable to other environmental hazards and 
exposure pathways. Indeed, a specific recommendation of the work is that other 
exposure pathways, especially those from landfill sites, are adequately considered 
(see chapter 9).
Some of the lessons leamed from the exposure assessment work on landfill sites and 
incinerators were used to carry out an exposure assessment around a fire to help with 
an epidemiological study (see Appendix D) (Kinra et a l, 2005). The study aimed to 
establish whether evacuation or sheltering were more protective of human health 
during a fire. The study used the results of the NAME (Nuclear Accident Modelling 
Environment) model, population data along with information on whether people 
went to an evacuation centre during the fire or sheltered. These sets of data were 
joined together using GIS and relative exposure to the fire was estimated. With the 
help of the exposure assessment, the epidemiological study found that sheltering 
during the fire was more protective of human health than evacuation was. This study 
backed up the previous general advice given in such events. It was well publicised, 
and will hopefully result in improvements in how emergency responders manage
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such situations in the future. This highlights the importance of proper exposure 
assessment.
Exposure assessment has not always been properly carried out when conducting 
health studies around waste installations. The findings from this project indicate not 
only that better exposure assessment is crucial for such studies but also that it is 
possible to improve on crude measures of exposure such as distance from a place of 
residence to an environmental hazard. This work shows that it was possible to 
estimate exposure to atmospheric pollutants from landfill sites and incinerators. 
Chapter 2 shows that other authors have used knowledge of pollution movement 
along with GIS to estimate exposure via other pathways and sources. This literature 
review along with the work in the case studies demonstrates that using GIS it is 
possible to integrate exposure measured from all sources of pollution together, 
making it possible to frilly investigate the health effects of environmental hazards.
3.4 Development of a toolkit for waste issues
Experience gained during the case studies, along with a systemic review of previous 
landfill and incineration incidents, showed that waste issues are extremely 
complicated to deal with and that current public health management procedures for 
waste incidents could be improved. This prompted the development of a practical 
toolkit to help health professionals deal with this issue. The toolkit has identified the 
important public health issues in waste management, explains why they are 
important and suggests what actions public health professionals can take to deal with 
these issues. For health concerns around a specific site there is information about 
how to manage incidents. This involves giving advice about certain important 
aspects of incident management. The toolkit provides advice, which will help 
improve health professionals’ management of waste incidents. The toolkit also 
provides public health professionals with information about some of the more 
technical aspects of how they should deal with incidents. This involves ensuring 
appropriate exposure assessment is carried out, ensuring that all the appropriate 
agencies are involved and determining what type of health response is needed. 
Although each incident will differ, the same general principles will apply for dealing
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with these incidents. This toolkit provides health professionals with some summary 
advice about how to do this.
The review of the previous waste incidents and experience through the exposure 
assessment case studies showed that health professionals are very rarely proactively 
involved with waste management planning. In the past, health professionals were 
usually only asked for advice about waste management when there were health 
issues around a particular site. The Integrated Pollution Prevention and Control 
(IPPC) Directive has changed this. The new legislation includes health agencies as 
statutory consultées in the IPPC permitting process. This is the first time that health 
professionals have had this opportunity and it should be welcomed as an important 
advance in regulating the health effects of industrial processes. It is, however, not 
enough to ensure that individual waste management processes operate to a standard 
that provides maximum protection to human health. Waste also needs to be managed 
in a way that is most beneficial in resource and environmental terms. As consultées 
to waste management plans, health professionals can suggest that waste is being 
managed in the most efficient way and that health issues are considered in waste 
management planning. This work has identified some limitations in the role of health 
professionals in the current regulation of waste management and suggested ways in 
which these could be addressed.
4. Setting the Final Outputs in the Context of Environmental Technology
‘Environmental Technology’ is defined as the application of techniques that balance 
social and economic benefits against resource utilisation and environmental impacts 
(Eagles, 2002). Improved estimates of exposure around landfill sites and incinerators 
are a crucial part of improved understanding of the impact of these installations upon 
human health. This enables better decisions to be made about how to manage waste; 
balancing the benefits we obtain from disposing of waste against the adverse 
consequences of this.
The toolkit provides a means for health professionals to better deal with waste 
management incidents. Improving the way public health professionals deal with
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waste management issues should reduce the burden that these installations have upon 
the environment and human health.
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1. Introduction
The Engineering Doctorate (EngD) in Environmental Technology is jointly run 
by the University of Surrey and Brunei University and is largely funded by the 
Engineering and Physical Sciences Research Council (EPSRC). Each Research 
Engineer (RE) is sponsored by a company, where they conduct a project in 
Environmental Technology that is related to the company’s work. The sponsor 
company provides additional funding for the RE, as well as a base at which the 
research is carried out.
1.1 Bacl^round to the Health Protection Agency and its Chemical Hazards 
and Poisons Division (CHaPD)
The Health Protection Agency (HPA) was created in April 2003. It is an 
independent organisation that aims to help protect people against infectious 
diseases and other dangers to health, including chemical hazards, poisons and 
radiation (Health Protection Agency, 2005). The HPA was formed by the merge 
of several organisations that previously operated separately, in order to bring a 
more integrated approach to health protection in the UK.
The HPA’s core functions include (Health Protection Agency, 2005):
• Identifying and responding to health hazards and emergencies
• Anticipating and preparing for emerging and future threats
• Alerting and advising the public and Government on health protection
• Providing specialist health protection services
• Supporting others in their health protection roles
The HPA is made up of four components. These are the Centre for Infection 
(CPI); the Centre for Emergency Preparedness and Response; Local and 
Regional Services (LRS); and the Centre for Radiation, Chemical and 
Environmental Hazards. Each of these centres have their own area of expertise, 
for example, the Centre for Infection has expertise in infectious diseases such as 
influenza or chicken pox. The purpose of LRS is to provide a front line response 
by coordinating services at a local and regional level. For example, if there was 
a flu outbreak in a school, LRS would contact the school to find out more about 
the incident and, alongside other local professionals, would manage the 
practicalities of the incident. LRS would be supported in this task by CFI, who 
could provide specific advice and technical assistance, for example, by 
analysing blood samples.
The Centre for Radiation, Chemical and Environmental Hazards is made up of 
two divisions. These are the Radiation Protection Division (RPD) (formerly 
known as the National Radiation Protection Board [NRPB]) and the Chemical 
Hazards and Poisons Division (CHaPD). CHaPD was formed by merging four 
Chemical Incident Regional Service Provider Units (RSPUs) across England 
and Wales. These RSPUs were based in London, Cardiff, Birmingham and 
Newcastle and have remained at these locations following the transition to 
CHaPD units.
CHaPD’s specific goal is to ^"anticipate and prevent the adverse effects o f acute 
and chronic exposure to hazardous chemicals and other poisons''' (Health 
Protection Agency, 2005). CHaPD’s primary role is to work alongside LRS to 
provide support to the NHS in dealing with the management and consequences 
of chemical incidents. The division provides a 24-hour on-call service to assist 
health professionals, the emergency services, the Environment Agency and local 
authorities with acute chemical incidents. Acute chemical incidents include 
events such as fires, spills or explosions. CHaPD is able to provide instant 
expert advice on toxicology and other aspects of incident management, for
example, decontamination procedures or exposure assessment. The division also 
provides information about acute incident follow-ups, such as advice about 
conducting epidemiological studies. In addition CHaPD provides advice about 
chemical incident management plans and is frequently involved in exercises 
testing the ability of the emergency services and other agencies to deal with 
chemical incidents. CHaPD has been involved with an early alerting scheme, 
trying to increase both the number of chemical incidents that the HPA gets 
informed about and also the speed with which the HPA is informed about these 
(Paddock, 2005).
CHaPD not only provides advice and support for acute incidents, but is also 
involved in the management of chronic chemical incidents. Examples of chronic 
incidents include land contamination as a result of previous industrial use or 
health concerns around landfill sites (Eagles, 2002) (North Sheffield Primary 
Care Trust, 2003). As with acute incidents, CHaPD provides advice on exposure 
assessment, toxicology, epidemiology or surveillance and general incident 
management. In addition to these roles, the European Union (EU) Integrated 
Pollution Prevention and Control (IPPC) Directive has given CHaPD a new 
responsibility. Under the Pollution Prevention and Control (PPC) Regulations 
2000 (the way in which the EU Directive is transposed into UK law). Primary 
Care Trusts (PCTs) are statutory consultées to the IPPC process (Chemical 
Hazards and Poisons Division, 2004b). This is the first time that health 
professionals have been involved in regulating industrial processes and provides 
a unique opportunity to pre-empt and prevent acute and chronic chemical 
incidents, decreasing the burden that some industrial activities may have upon 
health.
In order to receive an IPPC permit, an installation needs to submit an IPPC 
application. This application must satisfy the regulator that the Best Available 
Techniques (BAT) are being applied at the site. To do this, the regulator and the 
statutory consultées will need to review the IPPC application. The PCTs role is
to ensure that the particular installations applying for a PPC permit provide a 
high level of protection for the community. Unfortunately, however, many 
PCTs lack the necessary skills, expertise and resources needed to provide 
information about the potential health implications of industrial processes, and 
therefore need to consult with CHaPD. CHaPD is able to comment on the 
technical parts of the application, for example, interpreting environmental 
monitoring or modelling. This will compliment a PCT’s advice, as it will have 
in-depth knowledge of the local community’s health, for example, whether a 
local community has a high incidence of respiratory illness meaning it may not 
be a suitable location for an industrial installation with high emissions of air 
pollutants.
1.2 An introduction to waste management and public health
Waste management has become an important public health issue. There are 
several reasons for this. Undeniably, the biggest factor is public concern about 
the adverse health impacts of such installations. Planning to locate a waste 
management installation in a particular area is likely to create some form of 
local opposition and this opposition is likely to be largely based on health 
grounds. Existing waste installations do not fare any better with local 
communities around these sites often being seriously concerned about their 
health and therefore fi*equently demand epidemiological studies (North 
Sheffield Primary Care Trust, 2003). Incinerators in particular seem to be a 
cause for concern; this may be due to the fact that incineration has not been 
widely used for waste management in the UK (DOVE, 2000) (Williams, 1998). 
The EU Landfill Directive (1999), however, requires the UK to reduce the 
amount of waste it sends to landfill, a requirement which will more than likely 
result in an increase in the use of incineration.
Waste management is a particularly difficult issue for public health 
professionals for a number of reasons. Firstly, determining the health effects
which occur as a result of exposure to chemicals from both landfill sites and 
incinerators is extremely complex. In addition, the issue of waste management 
is related to other public health issues. Research has shown that locating a waste 
management installation in an area will adversely affect the local economy, 
which has a knock-on effect on health (Department for Environment, 2004). 
Having a waste management installation or any other environmental hazards in 
an area may have psychological impacts on local residents and there are reports 
of local communities suffering from stress caused by living close to such an 
installation (Neutra, 1991) (North Sheffield Primaiy Care Trust, 2003) 
(Shusterman, Lipscomb, & Satin, 1991) (Vrijheid, 2000a) (North Sheffield 
Primaiy Care Trust, 2003).
In addition, current waste management practices may not be sustainable. Waste 
production and disposal are a natural consequence of resource use. Current 
populations are using up resources (including the ability of the earth’s 
ecosystems to absorb pollution) at an unsustainable rate. The UK’s current 
resource use is such that its ecological footprint (the area of the earth’s surface 
needed to provide the materials and energy used without drawing on non­
renewable resources) is currently about eight times the area of the country 
(Clift, 1998). This resource use is clearly inequitable (in both the inter- and 
intra-generational sense) and is expected to result in serious adverse health 
effects (Me Michael, 2001).
According to the majority of the world’s leading scientists, global climate 
change poses a major threat to society (King, 2004). Current patterns of 
resource consumption and subsequent waste disposal are exacerbating global 
climate change, with gaseous emissions from landfill sites and incinerators 
directly contributing to the problem (United States Environmental Protection 
Agency, 2004). The use of landfill and incineration as waste management 
options may also indirectly encourage more resource use, as they give little 
incentive to either recycle or minimise waste. While manufacturing goods from
recycled materials can sometimes require less energy (therefore, producing less 
greenhouse gases) than producing goods from virgin materials, waste 
prevention is obviously even more effective (United States Environmental 
Protection Agency, 2004). Climate change will have a major impact upon 
health, including increases in heat stroke, respiratory and cardiovascular 
problems, vector borne diseases and health problems caused by extreme weather 
events (Department Of Health, 2001) (Kovats, Campbell-Lendrum, McMichael, 
Woodward, & Cox, 2001) (World Health Organisation, 2003).
Although many authorities responsible for collecting waste are currently trying 
to move up the waste management hierarchy\ this may not always be the most 
sustainable way of dealing with waste (Clift, 2000). Waste management needs 
to be managed in a more holistic manner, using approaches such as Integrated 
Waste Management (IWM) to determine the most sustainable approach. IWM is 
a system for disposing of waste in the most useful way in resource and 
environmental terms (Clift, 2000). It requires Life Cycle Assessments (LCA) to 
be carried out, looking at the total enviroiunental effects of waste management 
systems. This includes effects such as the impacts of waste transport, energy 
recovery and ash disposal. An example of a life cycle view of waste disposal by 
landfill is shown in figure 1.
' The waste management hierarchy is a conceptual framework used by some for identifying 
the most (and least) sustainable ways o f dealing with waste, which regards waste prevention 
as the most desirable option after that waste reuse, recycling, recovery and disposal by landfill 
as the least attractive option.
Figure 1 Life cycle thinking of a waste management strategy (Clift, 2000)
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1.3 Issues involved in health studies around landfill sites and incinerators
There have been a large number of epidemiological studies carried out around 
landfill sites and incinerators, although these all have significant limitations 
(Dolk, 2002) (Me Namee & Dolk, 2001) (Royal Society, 2004). There are many 
issues associated with carrying out epidemiological studies around 
environmental hazards such as waste management installations (Chemical
Hazards and Poisons Division, 2004) (Dolk, 2002). A major problem is that 
exposure assessment is generally very complicated (Nieuwenhuijsen, 2003). 
Exposure to waste management installations occurs via a number of different 
pathways and, as a result, exposure assessment is extremely complicated 
(Vrijheid, 2000b). This problem is discussed in detail in chapters 3,4, 5 and 6.
Exposure assessment is not, however, the only problem when studying 
community health around waste management installations. An important 
consideration in any environmental epidemiological study is the influence of 
confounding factors (Dolk, 2002). Confounding factors are risk factors for the 
disease of interest that are also related to the exposure of interest. An important 
confounding factor in all environmental epidemiological studies is socio­
economic status. This is because less affluent communities may be more likely 
to live near environmental hazards as property prices may be lower due to the 
areas being less desirable to live in (Dolk, 2002). Less affluent people are also 
more likely to suffer from ill health for a number of reasons (Department Of 
Health, 2004). This type of confounding can be partially accounted for in 
epidemiological studies by statistical adjustment. For the purposes of studying 
environmental justice, socioeconomic status should not be considered a 
confounding factor, but a variable of interest in relation to the health impact of 
waste management (Dolk, 2002). In addition to socioeconomic status there are a 
large number of other potential confounding factors, which are much more 
difficult to account for, including lifestyle factors, occupation and other sources 
of pollution. These present major problems for environmental epidemiological 
studies and mean that it is extremely difficult to understand the relationships 
between environmental hazards and public health.
There are only ever likely to be relatively small populations who live around 
individual landfill sites and incinerators. This means that there will only ever be 
relatively small numbers of adverse health outcomes around an individual 
installation. This means that if any installation was having an adverse effect
upon health, detecting a statistically significant difference between the exposed 
and non-exposed community would probably be difficult (Chemical Hazards 
and Poisons Division, 2004a).
The difficulty associated with conducting epidemiological studies around single 
sites has meant that some environmental epidemiologists have studied adverse 
health outcomes around more than one site (so-called multi-site epidemiological 
studies). An important epidemiological study around landfill sites was 
conducted around 23 hazardous landfill sites in Europe. The study, by Dolk et al 
(1998), was known as the EUROHAZCON and found an increased incidence of 
congenital anomalies among children who were bom within 3 km of these sites 
(see figure 2) (odds ratio 1.33 [95% Confidence interval 1.11-1.59] adjusted for 
maternal age and socio-economic status) (Dolk et a l, 1998). Another study, by 
the Small Area Health Statistics Unit (SAHSU) examined the incidence of 
congenital anomalies around all known landfill sites in Great Britain (Elliott et 
al, 2001). This again found a very small, yet statistically significant, increase in 
congenital anomalies within 2 km of landfill sites (relative risk 1.01 [99% 
Confidence interval 1.005 to 1.023]. SASHU also conducted epidemiological 
studies investigating cancer incidence around incinerators, and found a 
statistically significant (P<0.05) decline in risk with distance fi-om incinerators 
for all cancers as well as for stomach, colorectal, liver and lung cancers (Elliott 
et a l, 1996). This increase was, however, attributed to confounding factors, 
such as lifestyle not being properly accounted for. Therefore, it was not possible 
to draw any firm conclusions from this work. Despite the fact that these studies 
do not suffer from the limitations of small populations, they still have problems 
of inaccurate exposure assessment and confounding factors, meaning that no 
firm conclusions can be drawn.
Figure 2 Risk o f congenital anomalies with distance from the hazardous waste 
sites in the EUROHAZCON study (Dolk et al, 1998)
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The difficulties associated with epidemiological studies around these 
installations, mean that some researchers have attempted to conduct risk 
assessments them instead. Risk assessments quantify health risks in relation to 
exposure. There have been a number of these studies carried out around waste 
management installations (Department for Environment, 2004) (Rabl & 
Spadaro, 2002) (Redfeam, Dockerty, & Roberts, 2000) (Redfeam, Roberts, 
Dockerty, May, & Huisman, 2002), which suggest that the risks from a well-run 
waste management installation operating to specification should be minimal. 
These risk assessments, however, also have significant limitations, mainly 
concerning the effects of low doses of chemical mixtures over long time periods 
and inaccurate exposure assessment (Royal Society, 2004).
Reviewing the literature on health studies around waste management 
installations, has shown that the only conclusion that can be drawn is that the
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exact impacts of waste management installations upon public health are still 
unknown and further research is crucial (Vrijheid et a l, 2002) (Dolk, 2002). If 
such installations do have an effect on health, it is likely to be site specific; for 
example, a landfill site containing hazardous waste which is poorly managed 
will be more likely to cause adverse health effects than a landfill site containing 
non-hazardous waste which is well managed. The complexities involved with 
waste management make it a difficult task for public health professionals to deal 
with. There may be a tendency for public health professionals to ignore the 
problem, because, even if these processes do adversely affect health, the effect 
may be small compared with other health hazards, for example, smoking or the 
effects of socio-economic deprivation (Nieuwenhuijsen, 2003). The 
complexities involved with waste management may also mean that health 
professionals feel that their time would be more productively spent on other 
tasks. Also, because there is always going to be waste which needs to be dealt 
with, and regardless of what happens to it there may always be some perceived 
health risks, health professionals may therefore feel that the task is pointless 
(Department for Environment, 2004).
Nevertheless, health professionals do have an important role in dealing with 
waste management. While the scientific evidence does not prove that waste 
management installations cause adverse health effects, it also does not 
unequivocally prove that they have minimal or no effect (Me Namee & Dolk,
2001) (Royal Society, 2004). This means that health professionals have an 
obligation to deal with waste management issues. Waste management 
installations that are well managed will inevitably expose the local community 
to fewer pollutants and, as a result, will have fewer health risks. Health 
professionals have a responsibility to ensure that any waste management 
installation in their area operates in a way which minimises health risks. Health 
professionals also have an important role in reassuring the public about waste 
management. For example, there have been some concerns raised about the 
potential health effects of Material Recycling Facilities (MRP) (Department for
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Environment, 2004) (Gladding, 2002). It might not, therefore, be unexpected if 
there are some adverse local reactions to a plan to build one in a particular local 
area. If in this situation, a public health professional was confident that the MRF 
would not adversely affect health and would improve the sustainability of local 
waste management, then that health professional should act to reassure the local 
community. It is generally accepted among society (even in government and big 
businesses) that the current pattern of resource use is unsustainable (Clift, 1998) 
(Jackson, 1996) (King, 2004) (Me Michael, 2001). In other words, the way in 
which resources are being used today is not fair in intra- or inter-generational 
terms. While making municipal solid waste management more sustainable is 
only a small part of trying to make society as a whole more sustainable, it is, 
nevertheless important (Clift, 2000) (Finnveden, 1999). Health professionals 
have an important role to play in this process.
1.4 Aims and Objectives of the EngD project
Section 1.2 outlines the background to this EngD project, which has two 
distinct, yet related, aims:
1. To improve exposure assessment around both landfill sites and 
incinerators for health studies. This is done for the inhalation pathway, using 
atmospheric dispersion models and Geographical Information Systems (GIS).
2. To develop a practical tool to allow health professionals to deal with 
waste management issues.
1.4.1 Improved exposure assessment around landfill sites and incinerators
It has already been mentioned that exposure assessment around landfill sites and 
incinerators is extremely difficult and that this is a major reason that the exact 
impact of waste management processes on health is not fully understood. This
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topic is explained in detail in chapters 3,4, 5, 6 and 7. The work presented in 
this project shows how dispersion modelling has been applied to exposure 
assessment for health studies. Dispersion modelling is by no means a new 
technique and has been widely applied for a variety of purposes (Welch et a l,
1999). It has been widely used to calculate the average and worst case scenarios 
of pollutant concentrations for regulatory purposes. Although this represents 
exposure assessment of sorts, the vital link that is generally missing is a 
connection with people. Rarely has any form of dispersion modelling been 
undertaken for use in exposure assessment for epidemiological studies. On the 
rare occasions that it has been used, this has been done for different types of 
industrial processes (Colvile, Stevens, Keegan, & Nieuwenhuijsen, 2001) 
(Jensen, 1998). The aim of this work was not to specifically examine 
atmospheric dispersion modelling around either landfill sites or incinerators, but 
rather to examine the application of atmospheric dispersion modelling and 
Geographical Information Systems (GIS) for exposure assessment. This has led 
to an improved understanding of how this can be done and has established the 
advantages and disadvantages of using such an approach for exposure 
assessment. It should be noted that this project has only considered the 
inhalation of atmospheric pollutants. The consideration of the other potential 
exposure pathways would be beyond the remit of this research. It should also be 
noted that it was beyond the remit of this work to validate any estimates of 
exposure.
As the project was based at the CHaPD of the HPA, it was also important to 
determine the practical applications of this work for UK health professionals. 
This project has addressed this, and has shown that techniques such as 
atmospheric dispersion modelling and GIS could and should be used in the 
future for exposure assessment, not only for the inhalation pathway around 
waste management processes but also for other types of environmental hazards 
and pathways. This will help CHaPD to practically investigate health outcomes
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around environmental hazards. The lessons learnt from the different case studies 
will inevitably be useful for further CHaPD work.
1.4.2 A tool to help public health professionals deal with waste management 
issues
The second aim of the report is to develop a tool to allow health professionals to 
deal with waste management issues. This toolkit was created in a similar vein to 
tools which CHaPD has developed for dealing with other types of incidents 
(Eagles 2002) (Goodfellow, 2001). A review of previous waste incidents (see 
appendix F) and experience at CHaPD suggests that chemical incidents around 
landfill sites and incinerators have not always been dealt with in the most 
appropriate way, indicating a need for “best practice” methodology to be 
developed. The purpose of this toolkit was to give health professionals practical 
guidance for their day-to-day work. The toolkit was created using evidence 
from previous waste incidents, literature reviews on waste installations, 
experience at CHaPD, reviewing other similar tools and consultation with a 
range of health professionals. This new toolkit represents a new methodology 
for dealing with waste installations, which should prove extremely useful to 
health professionals and CHaPD staff.
1.5 Outline of thesis
This thesis describes the work completed for the EngD project and describes 
how the aims outlined above were achieved. Chapter 2 gives a review of the 
literature on GIS and exposure assessment. Chapters 3-7 describe how 
atmospheric dispersion modelling and GIS were applied to enable exposure 
assessment around different waste installations for various types of health 
studies. Chapter 8 details the work undertaken in the development of the toolkit 
for waste management. Chapter 9 summarises the project’s conclusions.
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including a discussion on the implications of the findings and recommendations 
for further work.
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2. Literature Review: Using Geographical Information Systems (GIS) for
exposure assessment
2.1 Introduction
The purpose of this literature review is to examine previous research that used GIS-v 
for exposure assessment, with two overall aims. Firstly, it was anticipated that 
summarising some of the prior research would enable the author to become 
familiar with the techniques used by others. This would allow the advantages and 
limitations of these methods to be identified, including how these might affect the 
research involved in this Engineering Doctorate (EngD) project. The other aim of 
this literature review is to help identify where there is a need for further 
understanding about the application of GIS for exposure assessment, which should 
help demonstrate the contribution this EngD project could make towards 
knowledge. The review will begin by defining both exposure assessment and GIS 
to give a background to the topic. The remainder of the review will describe studies 
that have used GIS for exposure assessment.
2.2 Literature Searching Methodology
The following databases were searched: Web of Science (WOS); Bath Information 
and Data Services (BIDS); Cambridge Scientific Abstracts (CSA); PubMed; OVID 
Online (which includes Medline); Toxline; IPCSINCHEM; and the Chemical 
Hazards and Poisons Division (London) (CHaPD [L]) reference database. A search 
was also conducted using the internet search engines Google and Google Scholar.
The following terms were searched for: Geographical exposure assessment; 
Geographical Information System and exposure assessment; GIS and exposure 
assessment; and spatial exposure assessment. All occupational studies, papers 
based on animal studies, studies not written in English, or those which investigated 
exposure to non-chemical hazards, for example, biological or nuclear hazards, were
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excluded. Discussion documents on the topic were included. This review will 
initially describe exposure assessment and GIS and will then provide a critique of 
the literature and discuss how GIS has been used for exposure assessment and how 
this affects exposure assessment.
2.3 Exposure Assessment
Exposure in environmental epidemiology or occupational epidemiology is usually 
defined as any contact between a substance and the surface of the human body 
(Nieuwenhuijsen, 2003). Exposure assessment is the study of the distribution and 
determinants of substances or factors affecting human health. It is usually carried 
out to try and establish the nature of the relationship between any exposure and its 
possible health effects. Exposure assessment can be used for epidemiological 
studies, risk assessments or health surveillance. In developed countries, the health 
risks associated with environmental exposure to chemical hazards would be 
expected to be relatively low, which means that, in order to detect risks when and 
where they exist, exposure assessments need to be very refined to accurately 
determine differences in exposure. This is why exposure assessment plays a crucial 
role in environmental epidemiology.
In order for an individual to be exposed to something, there must be a pathway 
linking the source to the person. This relationship is often described by a 
conceptual model, describing all the exposure pathways between the sources and 
the receptors (people). Figure 3 shows an example of the pathways that are 
included in the Contaminated Land Exposure Assessment (CEEA) model 
(Department for Environment Food and Rural Affairs & Environment Agency,
2002). These describe the potential exposure pathways between the source and 
individuals. In this particular example, a user of the CEEA model is able to 
determine the maximum concentration of a soil pollutant (known as a Soil 
Guideline Value [SGV]), that would not expose an individual to a level of the 
pollutant that might pose a risk to their health (known as a Tolerable Daily Intake
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[TDI]). This is done by making a number of assumptions about exposure via each 
pathway in a particular scenario, for example, how much time a person spends in 
their home or how many vegetables they eat from their garden. Exposure, 
therefore, cannot merely be determined by estimating the concentration of 
pollutants in a particular media, but also needs to consider a range of other factors 
that affect the relationship between the sources, the pathways and the population.
Figure 3 Routes o f exposure used in the CLEA model (Department for 
Environment Food and Rural Affairs & Environment Agency 2002)
Ideally, exposure should be measured individually with quantified estimates of the 
pollution levels that people are exposed to over time (Nieuwenhuijsen, 2003). A 
study by Gulliver and Briggs (2004) provides an example of this. The study 
measured individual exposures to particulate matter (PM) during walking and car 
journeys in Northampton (Gulliver & Briggs, 2004). Particle measurements were
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made using a small pollution monitor that is worn by the individual being studied. 
This allowed accurate estimate of the individual’s exposure overtime, and found 
that concentrations of particulate matter less than 10pm (PMio) were 16 % higher 
inside cars than they were outside, whereas concentrations of particulate matter less 
than 2.5 or 1 pm (PM2.5 or PMi) were very similar.
Another technique that can be used to measure exposure at an individual level is 
using biological markers or biomarkers. These analyse the concentration of a 
specific marker of exposure in human tissue or fluid (World Health Organisation,
2000). They are extremely sensitive indices of an individual’s exposure to 
chemicals, as they provide a measure of the internal dose and allow all routes and 
sources of exposure to be taken into accounted. For example, Schuhmacher et al 
(2004) analysed concentrations of dioxins and furans in breast milk in a population 
living near a hazardous waste incinerator which was built in 1999 in Spain 
(Schuhmacher, Domingo, Kiviranta, & Vartiainen, 2004). The study was part of a 
health surveillance system, carried out because the public was concerned about 
potential adverse health effects despite the fact that monitored emissions of dioxins 
and furans from the incinerator were very low. Breast milk was sampled from 15 
women, aged 25 to 35 years old, who lived 4 to 10 km from the incinerator, both 
before and after the incinerator started operating. Analysis of the results showed a
34.2 % decrease in the concentration of dioxins and furans in breast milk from 
when the incinerator started, which was eventually attributed to changes in diet that 
the researchers established using questionnaires. These results also correspond to 
environmental sampling, which showed no significant increase in dioxin or furan 
concentrations from the time the incinerator started operating.
There are several problems associated with estimating exposure this way, including 
the very small sample size. This may have been only a small population living 
close to the incinerator or there may have been practical problems in collecting 
samples. Samples were only taken from women who lived 4 to 10 km away from 
the incinerator and there was no distinction between those who lived closer and
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those who lived further away. Ignoring the spatial pattern of pollutants may, 
therefore, have distorted the results. Biological markers have not been used often m 
epidemiology due to problems including high costs, differences in how people 
metabolise pollutants and problems with taking samples, particularly if invasive 
samples such as blood are required (Draper, 1994). A limitation with this type of 
exposure assessment, like any form of personal exposure assessment, it is that it is 
difficult to differentiate between sources. For example, in Schuhmacher et aVs 
(2004) study there was an industrial area close to the incinerator, which may have 
confounded the results. However, because biological markers give a direct 
measurement of exposure and because techniques are currently developing rapidly, 
they are likely to be an important part of exposure assessment in the future, 
particularly if used alongside the results of environmental monitoring and 
modelling.
Due to the limitations mentioned, the level of detailed information about personal 
exposure gained by measurements using either personal monitors or biological 
markers is rarely available. In environmental epidemiology, it is more common to 
attribute individuals to different exposure groups based on either environmental 
monitoring or modelling. Although this method of exposure assessment may not be 
as representative as personal monitoring, it has the advantage of being cheaper and 
more practical. This means that it is possible to study a greater number of 
individuals, which may decrease problems associated with having insufficient 
variability in the exposure estimates (Nieuwenhuijsen, 2003). Theoretically, it also 
enables study of the effects of different sources and pathways. An example of this 
type of approach was the EUROHAZCON study (Dolk et ah, 1998), which 
investigated risks of congenital anomalies around hazardous waste sites in Europe. 
This case control study assumed that persons living less than 3 km from a landfill 
were exposed, while those living 3 to 7 km away from a landfill site were 
unexposed. The study found an increased risk of congenital anomalies among 
individuals who were classified as exposed compared to those who were 
unexposed, with the risks increasing with decreasing distances from the site (see
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figure 2 in introduction) (Dolk, Armstrong, Abramsky, Bianchi, Game, Nelen, 
Robert, Scott, Stone, & Tenconi, 1998).
However, exposure assessment using this approach is usually not as accurate as 
personal exposure monitoring. It is also very difficult to determine within-group 
variation. For example, given what is known about the dispersion of atmospheric 
pollutants from landfill sites, it would be reasonable to expect that those who live 
within 100 m of the landfill sites studied in the EUROHAZCON study would be 
exposed to much higher concentrations of atmospheric pollutants than those who 
lived 900 m from the site, and yet they were all classified within the same exposure 
group.
Exposure is not merely the concentration of pollutants present in a particular 
media. It is also influenced by a number of factors, including the length of time an 
individual spends in a particular microenvironment. This means that when studying 
population exposure, it is important to consider population movement, as people 
constantly move from one location to another, thus changing their exposure. This 
type of study is not carried out often, due to the complexities involved. Therefore, 
many environmental epidemiological studies make the unrealistic assumption that 
an individual spends all their time at their place of residence. There have been 
attempts at modelling exposure considering population movement, using what 
Briggs (1992) describes as integrated exposure assessment (Briggs, 1992). These 
intersect geographical models of the distribution of pollution with population 
movement and are discussed later.
2.4 Geographical Information Systems (GIS)
A GIS is essentially a database that allows large quantities of information to be 
analysed and viewed within a geographical context (Vine, Degnan, & Hanchette, 
1997). This enables data to be manipulated, integrated and graphically displayed on 
maps. Essentially, GIS has the ability to integrate data as illustrated in figure 4,
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which makes it useful for exposure assessment. GIS allows for the source, 
pathway, receptor model to be represented in both space and in time, meaning that 
the two spatial patterns of interest in exposure assessment-the distribution of 
pollutants and the distribution of people -  can be linked together. GIS not only 
allows population and pollution data to be linked but also takes into account other 
factors which may affect exposure or health, such as socioeconomic factors or, as 
shown in figure 5, the distribution of wells in a study of contaminated groundwater.
Figure 4 How GIS enables information to be integrated both in space and time to 
assess exposure (Briggs 1992)
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As well as the ability to integrate data, GISs also have some unique capabilities that 
make them extremely useful for exposure assessment. Perhaps one of the most 
useful of these is the ability of a GIS to interpolate and extrapolate geographical 
data. This approach is often used for estimating concentrations of pollutants at 
locations where there are no monitoring sites. In the past before the development of 
GIS interpolation was carried out using the simplest approach possible known as
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the ‘point in polygon’ technique, which assumes that data from one monitoring 
point can represent the surrounding area, and is so simple that it often does not 
require computer software.
An example of applying this type of theory is shown in the work carried out by 
Dockery et al (1993), which investigated the relationship between air pollution and 
mortality in six cities in the USA (Dockery et aU 1993). This study measured 
ambient air concentrations of total suspended particulate matter, sulphur dioxide, 
ozone and suspended sulphate at a centrally located monitoring station in each city, 
with data from this point taken to represent exposure across the entire city.
Pollutant concentrations were then compared to rates of mortality. After accounting 
for confounding factors it was found that there was a statistically significant 
association between higher air pollution and mortality. While this approach has the 
advantage of being relatively easy to use, it has the disadvantage, however, that it 
fails to take account of intragroup variation, such as pollutant concentrations within 
cities varying significantly from location to location.
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Figure 5 How GIS can integrate information about pollution and population data, 
as well as information about other variables which may affect exposure (in this 
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GIS computer software has enabled more sophisticated techniques for estimating 
pollution at unmeasured points than was previously possible. One of the simplest 
of these is Inverse Distance Weighing (IDW), which is based on the principle that a 
particular variable (z) at a particular location will be influenced more by locations 
closer to it than by those further away. IDW works by weighting those points closer 
to a particular point more than those further away. In some cases, a simple linear 
fimction of distance (d) can be used, for example, 1/d. It is, however, more 
common to use some form of inverse power function, for example, 1/d or 1/d , as 
the influence of more distant sites decreases, more proportionately with distance 
than that of closer sites.
This allows the user to create smoothed continuous surfaces of concentrations 
instead of the discrete boundaries that are created using the point in polygon 
technique. Smoothed surfaces can be created in a number of ways, for example, 
using Triangulated Irregular Networks (TINS), which involves creating groups of 
points where the value of the variable of interest is known, such as a number of air 
pollution monitors over a city. These are subsequently joined together to form 
triangles, in which the value at unmeasured points can be estimated based on 
distances from the ‘nodes’ of the triangle and the values at the nodes. Another 
commonly used approach is the ‘moving window technique’. This involves moving 
a square or circular area over a certain area and centring it in one location. The z 
value (for example, the concentration of air pollution) at an unmeasured point is 
estimated using all of the monitored points that occur in the window and their 
distance from the point in question, and applying the inverse distance weighting 
approach as outlined before (Briggs, 2003).
IDW was used by Hoek et al (2001), who estimated household exposure to black 
smoke (BS) and nitrogen dioxide (NO2) throughout the whole of The Netherlands 
(Hoek, Fischer, Van Den Brant, Goldbohm, & Brunekreef, 2001). They did this 
based on the assumption that pollutant concentrations could be predicted using 
three components- regional background concentrations, urban background
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concentrations and degree of traffic contribution. Thirteen regional stations were 
used to estimate background concentrations of BS, and 24 regional stations were 
used to estimate NO2 concentrations, for the whole of the Netherlands. A 
regression model was used to predict air pollution from the degree of urbanisation 
and distance from place of residence to the nearest main road was used to 
characterise local traffic pollution. Hoek et al (2001) used the inverse of the 
distance from the home address to the monitoring stations (1/d), as well as the 
inverse distance squared (1/d^) and the inverse distance to the power of 3 (1/d ) 
weightings. Cross validation was then completed by comparing the predicted 
concentrations with the measured concentrations to see which method performed 
the best. This showed that powers of 2 and 3 performed better than using only the 
inverse distance and that, overall, both methods were relatively accurate, so long as 
the monitoring sites used were within 75 km of where the values were being 
predicted (Hoek, Fischer, Van Den Brant, Goldbohm, & Brunekreef, 2001).
Another commonly used approach for creating smoothed surfaces is kriging, which 
is based on the recognition that there are three elements to spatial variation- 
systematic variation (drift), random but spatially correlated variation, and noise 
(spatially uncorrelated variation) (Briggs, 1992). The simplest form of kriging is 
known as ordinary kriging; this calculates a variable known as the semivariance 
that represents the average difference between all pairs of sites with constant 
intersite distance (lag). Plotting the semivariance against the lag produces a curve 
(the semiovariogram), which is usually quite similar in shape to that shown in 
figure 6. The point where the curve reaches a threshold is known as a sill and the 
distance to the sill is known as the range. This indicates the area around each 
location, from which sample points may be drawn to estimate z values. The point 
where the graph cuts the y-axis is known as nugget variance and defines the noise. 
Provided this nugget variance is not excessive, the semivariogram can be used in 
the survey area (Briggs, 1992). Once the semivariance has been calculated, the 
model can be applied to the unsampled locations. A moving window is then passed 
over the data, with the size of this window determined by the range. Kriging also
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has the advantage that it enables estimation of the standard error. Kriging has been 
used for many years in earth sciences; however, it has only recently been applied to 
exposure assessment. Like other types of data interpolation it has some limitations, 
especially when modelling complex patterns of pollution, which vary significantly 
within short geographical distances. In general, the approach has not been widely 
applied for exposure assessment (Briggs & Elliott, 2005).
Figure 6 A typical relationship between the semivariance (standardised difference) 
and the distance between the sites (lag) (Briggs, 1992)
Nugget variance
The techniques mentioned here are some of the many GIS approaches available to 
help with exposure assessment, and can be carried out using most GIS software 
tools, for example, the Spatial Analyst or Geostatistical Wizard extensions in 
ArcView. Application of these tools can be rapid and can potentially provide 
extremely useful information for exposure assessment. Users of the tools should, 
however, ensure that they are using them correctly, and that they are aware of any 
limitations. It must also be remembered that while GIS has the potential to enhance
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the understanding of the relationship between exposure and health outcomes, many 
of the existing problems with environmental epidemiology and risk assessment still 
remain. Even the most elaborate GISs still require input data. A lack of accurate 
data remains one of the main reasons why the effects of the environment on human 
health are not better understood. Estimating the concentrations of pollutants in the 
environment is extremely difficult and determining human contact with these 
pollutants is no less complicated. These two issues are the biggest problems in 
exposure assessment and are discussed in more detail later.
GIS is simply a tool for manipulating, integrating, interrogating and displaying 
geographical data. It cannot on its own provide answers to questions about the 
effects of the environment upon human health. GIS has been likened to statistical 
analysis, which is an enormously useful tool for analysing data on the environment 
and human health, yet is worthless without the data.
2.5 Use of GIS for exposure assessment
2.5.1 Results of literature review
This review aims to present a critical analysis of articles which have used GIS for 
exposure assessment. In total, 96 articles were considered, including discussion 
articles. Table 1 shows all the studies that were identified, highlighting the 
pathways for which exposure was estimated and giving a brief description of the 
techniques used. The table is subdivided into four sections. Papers in subtable 1 
used distance from place of residence to the source of pollution as a proxy for 
exposure. Those in subtable II used the results of some form of environmental 
monitoring or modelling to determine exposure, while assuming that people spend 
all their time in one location e.g. their place of residence. Those in subtable III used 
environmental monitoring and modelling to determine exposure and also 
considered population movement. Those in subtable IV are reviews of the topic. 
This subdivision helps highlight the main ways of using GIS for exposure
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assessment. In the case of more than one article having been published from the 
same study, these are included in the same row. The results show that there are 
several different ways in which GIS can be applied for exposure assessment.
Table 1 Articles were GIS was used to assess environmental exposure 
(I) Articles where GIS was used to estimate exposure based on distance
Reference Environmental
exposure
examined
Methods used
Aylin (2001) Inhalation of air 
pollution from a 
coke works.
Distance from the coke works to 
place of residence was used as a 
proxy for exposure in this study of 
the rates of hospital admissions for 
cardiovascular and respiratory 
diseases.
Dolk et al 
(1999)
Inhalation of 
pollutants from 
coke works.
Cross-sectional study of mortality 
data, with distance from the site to 
place of residence used as a proxy for 
exposure.
Dunn et al 
(1995)
Inhalation of 
atmospheric 
pollutants from a 
factory.
Distance and direction from the 
factory were used as proxies for 
exposure, with the exposure estimates 
used for an epidemiological study of 
the prevalence of asthma.
Elliott et al 
(2001)
Exposure around 
landfill sites (no 
specific 
pathways were 
mentioned).
Case control study of congenital 
anomalies around landfill sites. All 
households that resided within 2 km 
of landfill sites were considered to be 
“exposed”, while those who lived 
further than 2 km away were 
considered “unexposed”.
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English et al 
(2004)
' nhalation of 
traffic pollution.
The relationship between living close 
to a busy road and asthma was 
studied. The authors examined the 
ocation of residence of 5996 children 
with asthma in relation to major roads 
and compared these to a random 
control sample of children without 
respiratory diseases.
Frickler and 
Hengartner 
(2001)
Exposure to 
pollutants (no 
specific 
pathways 
mentioned).
A study of environmental equity in 
New York, USA. Exposures subjects 
were those who lived in a census tract 
with a polluting industry.
Goldberg et 
a / (1995)
Exposure to a 
hazardous 
landfill site (all 
pathways).
A case control study of premature 
births close to a landfill site. 
Exposure was estimated based on 
distance and direction of place of 
residence to a hazardous waste site.
Green et al 
(2004)
Inhalation of 
traffic pollution.
Daily traffic counts within 150 m of 
schools were determined using 
information about the road network 
and GIS. These were then related to 
ethnicity and socioeconomic status.
Jarap et al 
(2002)
Exposure around 
landfill sites (no 
specific 
pathways were 
mentioned).
Study of cancer risks around landfill 
sites. All households that resided 
within 2 km of landfill sites were 
considered to be “exposed”, while 
those who lived further than 2 km 
were considered “unexposed”.
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Maheswaran 
and Elliott 
(2003)
Traffic pollution 
(inhalation and 
noise).
An ecological study of stroke 
mortality near roads in England and 
Wales. Exposure was estimated as the 
distance between the enumeration 
district population weighted centroid 
to the nearest main road.
Reynolds et 
a / (2001)
Inhalation of 
traffic pollution.
A case control study which 
investigated the relationship between 
traffic exposure and childhood 
leukemia. Exposure was estimated 
based on the distance that a subject 
lived from a road assuming that 
pollution dispersed with a gaussian 
distribution and also the traffic 
intensity close to the subjects’ 
residence.
Sans et al 
(1995)
Exposure from
chemicals
associated with a
petrochemical
plant (no specific
pathways
mentioned).
Cancer incidence and mortality were 
studied using distance from the site as 
a proxy for exposure.
Sheppard et 
al (1999)
Exposure to 
sources of 
pollution (no 
specific 
pathways were 
mentioned).
A study to examine environmental 
equity in Minneapolis. Pollution 
sources were plotted on a GIS. This 
was linked to population 
demographic data (ethnicity, income 
level) by census block.
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Sosniak et al 
(1994)
exposure to 
lazardous waste 
sites (all 
pathways).
A case control study to establish 
whether there was a relationship 
between mothers living close to 
lazardous waste sites and birth 
defects and low birth weights. 
Exposure was estimated using 
distance from place of residence to 
the hazardous waste site.
Speer et al 
(2002)
Exposure to six 
chemical dump 
sites (all 
pathways).
Exposure was estimated using 
distance from the nearest waste site to 
place of residence as a proxy for 
exposure.
Venn et al 
(2001)
Inhalation of 
traffic pollution.
A case control study of wheezing 
amongst children. Exposure was 
estimated by using GIS to determine 
the distance from place of residence 
to the nearest main road.
Verkasalo et 
a / (2004)
PCB
contaminated 
river (no specific 
pathways were 
mentioned).
In this study, cancer risks were 
estimated for a population living 
close to a contaminated river, with 
exposure estimated by using GIS to 
calculate the distance between the 
river and place of residence.
White and
Aldrich
(1999)
Exposure to a 
hazardous waste 
site (all 
pathways).
A study examining pediatric cancers 
around hazardous waste sites, with 
exposure estimated by different 
methods taking into account distance 
from place of residence to the site, or 
living in a zip code or county with a 
hazardous waste site in it.
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Wilhelm and Inhalation of Case control study of low birth
Bitz (2003) traffic pollution. weights and preterm births in Los
Angeles, USA. Using GIS, the
distance between residential
addresses and the road and traffic
densities enabled relative exposures
to be calculated.
(II) Articles where GIS was used to estimate exposure based on environmental 
monitoring and modelling based while assuming that individuals spend all their 
time in one location
Basham
(2001)
Inhalation of
atmospheric
pollution.
Atmospheric pollutants from an 
incinerator were modelled and linked 
to population data for the purposes of 
a risk assessment.
Brainard 
and Fallon 
(2002)
Inhalation 
exposure to 
carbon monoxide 
and nitrogen 
dioxide.
A study of environmental equity in 
Birmingham, UK. An atmospheric 
pollution model was used to model 
air pollution. GIS was used to link 
this to census enumeration districts 
containing information on 
socioeconomic characteristics.
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Brauer et 
a / (2003)
nhalation 
exposure to traffic 
pollution.
Traffic related variables were used in 
combination with air pollution 
monitoring to predict concentrations 
of air pollution at unmonitored sites.
Buckeridge
(2002)
Inhalation of 
PM2.5 from traffic 
pollution.
An atmospheric dispersion model was 
used to model traffic pollution and 
this linked to population data using 
GIS. Exposures were then compared 
to incidences of respiratoiy and 
genitourinary^ conditions.
Chadha et 
a / (1997)
Exposure to lead 
(all pathways).
Use of multimedia and multipathway 
models to estimate exposure to lead. 
This was linked to residential 
addresses to estimate exposures to 
identify individuals at high risk from 
lead.
Chakrabort 
y (2001)
Inhalation 
exposure to 
accidental 
releases.
Atmospheric dispersion modelling 
was carried out for all potential 
accidental releases. These data were 
linked with information on the 
location of schools to estimate school 
children’s exposure.
Cirero- 
Femandez 
et al 
(2001)
Exposure to 
Particulate matter 
(inhalation).
Monitored ambient air pollution data 
were interpolated using GIS and 
linked to residential addresses.
The study o f diseases o f the genitals or the urinary tract.
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Cohn et al 
(1999)
xposure to VOC 
in a water supply 
(all pathways).
A study to determine exposures to 
VOCs in a water supply. Exposure 
was estimated based on monitoring 
results being linked with population 
data using GIS.
Cyrys et al 
(2005)
Inhalation 
exposure to 
nitrogen dioxide 
and TSP.
This study examined the relationship 
between two different means of 
exposure assessment. One approach 
used stochastic modelling to estimate 
exposure. This used data recorded at 
40 measurement sites, traffic related 
variables such as traffic density, 
heavy vehicle intensity, household 
density and population using a linear 
regression model to estimate 
exposure. Dispersion modelling of 
sources of pollution was also carried 
out using a gaussian plume model. 
Both pollution estimates were linked 
to the place of residence of a cohort.
Dolinoy
and
Miranda
(2004)
Inhalation of
atmospheric
pollution.
Atmospheric dispersion modelling 
was used to determine the 
relationship between air toxins and 
income and race.
Ferrandiz 
et al 
(2004)
Calcium and 
magnesium in 
drinking water.
Exposure assessment was carried out 
by defining regions composed of 
geographical units that shared similar 
concentrations of magnesium and 
calcium in water.
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Floret et al 
(2003)
nhalation of 
dioxins.
A case control study of non- 
Hodgkin’s lymphoma. Exposure was 
estimated using a gaussian plume 
model and linking the model outputs 
to place of residence.
Gehring et 
a / (2001)
Inhalation 
exposure to traffic 
pollution.
A cohort study of respiratory health 
among infants. The place of residence 
of each infant was geocoded. Traffic 
pollution was estimated using 
regression modelling, based on 
measurements from ambient 
monitoring stations and on variables 
such as traffic density. Using GIS, 
this was linked to population data.
Haies et al 
(2003)
Exposure to 
contaminants in 
public water 
supplies.
A study to determine the relationship 
between deprivation and drinking 
water quality in New Zealand. 
Exposure was estimated by linking 
socioeconomic data from a national 
statistics dataset to data on the quality 
of individual drinking water supply 
zones
Heinrich et 
a / (2005) 
Forastiere 
and Galassi 
(2005)
Inhalation 
exposure to traffic 
pollution.
Self-reported exposure of a cohort of 
infants was compared to exposure. 
The latter was estimated using spatial 
air pollution measurements and 
regression modelling taking into 
account population density and traffic 
intensity.
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Hellstrom 
et al 
(2004)
exposure to 
cadmium and lead 
(all pathways).
A study to determine whether 
environmental sampling can be used 
:br exposure assessment, 
environmental sampling of lead and 
cadmium levels in mosses was 
undertaken and the data obtained 
interpolated using kriging. This was 
then linked to population data using 
GIS.
Hoek et al 
(2001)
Exposure to 
particulate matter 
(inhalation).
Monitored ambient air pollution data 
were interpolated using GIS and 
linked to residential addresses.
Hoek et al 
(2002)
Inhalation of all
atmospheric
pollutants.
Exposure to air pollution was 
estimated for a cohort study. Various 
GIS approaches were used to account 
for background regional 
concentrations of pollutants and 
urban and small scale local variations 
in pollution.
Hruba et al 
(2001)
Inhalation 
exposure to Total 
Suspended 
Particulates (TSP).
Atmospheric dispersion modelling 
was carried out from sources of 
pollution. GIS was used to link this to 
place of residence.
Hwang et 
a / (1998)
Polychlorinated 
biphenyl (PCB) 
(all pathways).
Soil monitoring data were 
interpolated and linked to residential 
addresses using GIS.
Ihrig et al 
(1998)
Arsenic exposure 
from an industrial 
installation (all 
pathways).
A case control study of stillbirths, 
with exposure estimated by linking 
the results of atmospheric dispersion 
modelling to the residential addresses 
of cases and controls.
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Inserra et 
a / (2002)
Inhalation 
exposure to 
hydrogen 
sulphide.
A study combining ambient air 
monitoring results with kriging to 
estimate pollution concentrations 
over a large area.
Kinra et al 
(2005)
Inhalation 
exposure to 
smoke.
This cross-sectional study examined 
the health effects of persons who 
sheltered compared with those who 
evacuated during a fire. Exposure was 
estimated using an atmospheric 
dispersion model linking the 
modelled pollution data to the 
postcode centroid for where 
individuals stayed during the fire.
Langholz 
et al 
(2002)
Inhalation of 
traffic pollution.
A case control study of childhood 
leukaemia in Los Angeles, USA. 
Exposure to traffic pollution was 
estimated using a distance weighted 
traffic density measure.
Li and Hao 
(2003)
Inhalation 
exposure to 
atmospheric 
pollutants.
An atmospheric dispersion model was 
used to estimate concentrations of 
fine particles from 17 power stations. 
Using GIS, this was linked with 
population data to estimate exposure.
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Maheswara 
h et al 
(2005)
nhalation 
exposure to 
particulate matter, 
nitrogen oxides 
and carbon 
monoxide.
An ecological study examining the 
relationship between stroke mortality 
and hospital admissions and air 
pollution. Air pollution was modelled 
using atmospheric dispersion 
modelling. Population and health data 
were taken from census enumeration 
districts (CEDs). GIS was used to 
link the two datasets together.
Maslia et 
a / (1994)
Exposure to 
contaminated 
ground water 
(inhalation, 
ingestion and 
dermal contact).
Environmental transport models were 
used to estimate contaminant levels in 
ground water. These data were linked 
with population data from the census 
using GIS.
Miranda
and
Dolinoy
(2005)
Exposure to lead 
(all pathways).
Potential community exposure to lead 
was estimated using GIS to identify 
housing stock age and incorporating 
the results of environmental and 
biological sampling. This was done to 
identify areas that were a priority for 
remediation.
Miranda et 
a / (2002)
Lead (no specific 
pathways were 
mentioned).
The authors used GIS analysis of 
blood lead levels and census data to 
predict lead exposure risks.
Nuckols et 
a / (1995)
Exposure to 
trihalomethanes 
(THM) in a water 
supply (no 
specific pathways 
were mentioned).
A computer programme was used to 
model water quality. Using GIS, this 
was linked with population and health 
data.
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Pikhart et 
a / (2001)
Inhalation of 
sulphur dioxide.
A cross-sectional study of respiratory 
symptoms in Czech and Polish 
children. Exposure was estimated by 
monitoring air pollution at a number 
of different locations and followed by 
the use of kriging to interpolate 
between monitoring locations. Using 
Arclnfo, this was linked to residential 
addresses.
Reif e/a/ 
(2003)
Exposure to 
trichloroethylene 
(TCE) in water 
supplies (all 
pathways).
A hydraulic simulation model was 
used to estimate the distribution of 
TCE in a water supply network. This 
was linked with population data at 
census block level using GIS for an 
epidemiological study of 
neurobehavioral effects.
Reissman 
et al 
(2001)
Lead (no specific 
pathways were 
mentioned).
GIS was used to identify children 
who lived in high risk homes built 
pre-1950 and to map their blood lead 
levels.
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Reynolds 
et al 
(2003)
nhalation 
exposure to 
hazardous 
pollutants.
Atmospheric dispersion modelling 
was used to estimate atmospheric 
pollution in California. This was 
linked to census data using GIS. 
These exposure estimates were used 
for an epidemiological study of 
cancer incidence rates.
Scoggins et 
a / (2003)
Inhalation of 
nitrogen dioxide.
Dispersion modelling results were 
combined with population data 
obtained from the census and 
compared with the risks of all non- 
external causes of death^, circulatory 
and respiratory deaths.
Sengupta 
et al 
(1996)
Inhalation of
atmospheric
pollution.
The study used interpolated maps of 
nitrogen dioxide, sulphur dioxide, and 
total suspended particulate matter and 
linked this to population data to 
assess exposure.
Suzuki et 
a / (2004)
Exposure to 
organic pollutants 
(all pathways).
A multimedia exposure model was 
used to assess exposure to organic 
pollutants (all pathways). The output 
data from the model were plotted on a 
GIS and linked to population data for 
a risk assessment.
This is a term, which defines all deaths that do not occur as a result o f an obvious accident.
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Swartz et 
a / (2003)
Exposure to 
nitrates in 
drinking water 
(although other 
sources and 
pathways could 
also have been 
included by 
default).
Exposure was estimated using 
monitored data and historical land use 
data, along with information on water 
supply systems and residential 
addresses.
Toledano 
et al 
(2005)
Trihalomethane 
(THM) in public 
water supplies (all 
pathways).
This epidemiological study estimated 
the relationship between exposure to 
THM and still births and birth 
weights. Exposure was estimated 
using GIS to link measured THM 
concentrations in water zones to 
postcodes.
Van Vliet 
et al 
(1997)
Inhalation of 
traffic pollution.
A cross-sectional study which 
investigated the incidence of chronic 
respiratory symptoms in children 
living near a freeway. Exposure was 
estimated in different ways based on 
proximity of home to the fi-eeway, 
traffic intensity, environmental 
monitoring and meteorological data.
Walker et 
a / (1999)
Inhalation of 
oxides of nitrogen 
and particulate 
matter.
Atmospheric dispersion modelling 
was used to estimate air pollution 
data. These data were then linked 
with population data to estimate 
exposure.
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Ward et al 
(2000)
Pesticides (no 
specific pathways 
were mentioned).
Remote sensing satellite data were 
used to reconstruct historical 
agricultural land use. Using GIS, it 
was then possible to locate the local 
population with respect to the 
different crops that were grown.
Wilkinson 
et al 
(1999)
Inhalation of 
traffic pollution.
Case control study of hospital 
admissions for asthma in children in 
north-west London. Exposure was 
estimated using a distance-weighted 
traffic density measure.
(Ill) Articles where GIS was used to estimate exposure based on environmental 
modelling and monitoring which considered population movement
Bartonova et 
a / (1999)
Inhalation of 
oxides of 
nitrogen and 
particulate 
matter.
Using atmospheric dispersion 
modelling, pollution concentrations 
were estimated over different time 
periods, with a range of different traffic 
management approaches applied. GIS 
was used to link these results to diaiy- 
recorded time activity patterns to 
estimate exposure.
Bellander et 
a / (2001)
Inhalation 
exposure of 
oxides of 
nitrogen and 
sulphur dioxide 
from traffic and 
home heating in 
Stockholm.
The authors used GIS to link modelled 
air pollution from traffic and estimated 
dispersion from heating systems to 
population data to estimate historical 
exposure.
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Boudet et al 
(2001)
nhalation 
exposure to 
Darticulate 
matter.
The objective of this study was to 
determine how fixed air monitors could 
3C used to assess population exposure 
to particles. Volunteers wore personal 
Darticle matter monitors and filled in 
time activity diaries. This exposure 
was then compared to the estimated 
exposure using GIS, fixed ambient 
monitors and time activity diaries.
Brauer et al 
(2003)
Inhalation 
exposure to 
traffic pollution.
Traffic related variables were used in 
combination with air pollution 
monitoring to predict concentrations of 
air pollution at unmonitored sites.
Briggs and
Elliott
(1995)
Review of the use of GIS for 
environmental epidemiological studies.
Brody et al 
(2002) 
Brody et al 
(2004)and 
Kennedy et 
a / (2003)
Pesticides (all 
pathways).
Dispersion modelling was conducted 
using historical records of pesticide use 
alongside residential addresses to 
estimate exposure. This was then used 
for a case control study of breast 
cancers.
Cayo and
Talbot
(2003)
GIS was used to determine the effect 
that automatic geocoding would have 
upon exposure misclassification.
Chakraborty
(2001)
Inhalation 
exposure to 
atmospheric 
pollutants from 
acute pollution 
events.
Atmospheric dispersion modelling was 
used to determine the likely extent of 
pollution movement from pollution 
events. This was linked to census data 
and the relationship between exposure, 
income and race were analysed.
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Gulliver and
Briggs
(2005)
Inhalation of 
traffic pollution.
An exposure model was developed to 
estimate joumey-time exposures. An 
Arclnfo-based model was used to 
integrate data on source activity, 
pollutant dispersion and travel 
behavior to derive exposure.
Jensen
(1998)
Inhalation of 
nitrogen dioxide, 
ozone, carbon 
monoxide and 
benzene.
Time activity patterns and population 
data were combined with modelled 
pollution data to estimate exposure.
Kaminska et 
a / (2004)
A discussion of the application of GIS 
for pesticide exposure assessment and 
the impact on public health.
Kousa et al 
(2002)
Inhalation of 
nitrogen dioxide.
Time activity patterns and population 
data were combined with modelled 
pollution data to estimate exposure.
Levy et al 
(2001)
Inhalation of 
traffic pollution.
Community members carried portable 
monitors in a 1-mile radius around a 
bus terminal, thereby creating a GIS 
map of pollution allowing community 
exposure to be estimated.
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Pikhart et al 
(2001)
Inhalation of 
sulphur dioxide.
A cross-sectional study of respiratory 
symptoms in Czech and Polish 
children. Exposure was estimated by 
monitoring air pollution at a number of 
different locations and followed by the 
use of kriging to interpolate between 
monitoring locations. Using Arclnfo, 
this was linked to residential addresses.
Poulstrap 
and Hansen 
(2004)
Inhalation of 
airborne dioxins 
from industrial 
sources.
Dispersion modelling was used to 
estimate dioxin distribution in the 
atmosphere. GIS was then used to link 
this with demographic, migration and 
health data.
Stellman et 
a / (2003) 
and
Stellman
and
Stellman
(2004)
Exposure from 
agent orange (no 
specific 
pathways were 
mentioned).
A GIS was developed which linked 
information on the dispersion of agent 
orange and other herbicides in Vietnam 
with population and troop movements.
Ward et al 
(2005)
Exposure to 
pesticides (no 
specific 
pathways 
mentioned).
A comparison between two methods of 
exposure assessment to pesticides. One 
approach used distance between 
geocoded address and nearest crops, 
while the other used Global Positioning 
Systems (GPS) to determine the exact 
distance between place of residence 
and the nearest crops.
(IV) Review of using GlS for exposure assessment
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Briggs
(2003)
Review of the use of GIS for exposure assessment.
Cromley
(2003)
A review of the use of GIS for environmental epidemiology.
Croner et 
a / (1996)
Discussion of the use of GIS for environmental epidemiology, 
including a section on exposure assessment.
Dent et al 
(2000)
Review of the use of GIS for exposure assessment to 
atmospheric pollution.
Elliott and 
Wartenber 
(2004)
Review of spatial epidemiology.
Hargrove 
et al 
(1996)
A discussion of the use of GIS for risk assessments, including 
a section on exposure assessment.
Jarup
(2004)
Review of the use of GIS for exposure assessment
Jerrett and
Finkelstein
(2005)
Review of the use of GIS for epidemiological studies of 
chronic air pollution.
Jerrett et al 
(2005)
Review of urban air pollution exposure models.
Maantay
(2002)
A review of the use of GIS for environmental equity studies 
discussing the importance of exposure assessment.
Nuckols et 
67/(2004)
Review of the use of GIS for exposure assessment.
Stallones et 
67/(1992)
Discussion of the use of GIS for environmental epidemiology, 
including a section on exposure assessment.
Vine et al 
(1997)
Review of the use of GIS for environmental epidemiology.
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This review has shown that there are a variety of ways in which GIS can be used for 
exposure assessment. There is, however, a bias towards exposure assessment of 
atmospheric pollution. This may be due to several factors. Firstly, in developed 
countries, atmospheric pollution, especially from traffic pollution, is one of the biggest 
environmental hazards (Colvile, Hutchinson, Mindell, & Warren, 2005). Another 
reason is that the air pathway is the pathway that the most is known about, and as a 
result exposure from other pathways is often ignored, despite the fact that there is no 
evidence for this (Royal Society, 2004). Other studies that have used distance from 
place of residence, or residence in a particular area to define exposure (for example, 
the SASHU study on landfill sites), do not mention any exposure pathways at all 
(Elliott, Morris, Hoogh, Hurt, Kold-Jensen, Maitland, Richardson, Wakefield, Jarup,
& Briggs, 2001). Neither of these types of studies use GIS to its full potential, as the 
advantage of GIS is that it has the ability to include all exposure pathways. This 
review is divided into different sections describing different approaches to exposure 
assessment.
2.5.2 Use of GIS in health studies when distance is used as a proxy for exposure
Following the development of GIS in other fields throughout the past few decades, 
many researchers have recently used the technique for exposure assessment. However, 
because data about exposure to pollutants are not always readily available, many 
researchers have simply used distance from place of residence to the source of 
pollution as a proxy for exposure. This has particularly been the case for landfill sites, 
whose emissions are notoriously difficult to characterise (South West Public Health 
Observatory, 2002). After the EUROHAZCON study described earlier, the Small Area 
Health Statistics Unit (SAHSU) study used a similar technique to investigate cases of 
congenital anomalies around landfill sites in Great Britain between 1982 and 1997 
(Elliott, Morris, Hoogh, Hurt, Kold-Jensen, Maitland, Richardson, Wakefield, Jarup,
& Briggs, 2001). This study used a database that contained the postcode of every 
landfill site in Great Britain.
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Using GIS, all postcodes that were within 2 km of a landfill site postcode were 
classified as exposed, and those that were more than 2 km away were classified as 
imexposed. The study used several national post-coded registers containing 
information on births and cases of congenital anomalies. The area within 2 km of a 
landfill contained almost 80% of the national population. The study found a very small 
excess risk of congenital anomalies and low and very low birth weights in the exposed 
population. The study could not, however, establish a causal relationship for a number 
of reasons, including a lack of accurate exposure assessment (South West Public 
Health Observatory, 2002) (Roberts, Redfeam, & Dockerty, 2000) (Redfeam,
Dockerty, & Roberts, 2000).
A similar approach was used by Sosniak et al (1994), who carried out a case control 
study of birth defects around hazardous waste sites in the USA (Sosniak, Kaye, & 
Gomez, 1994). This again assumed that exposure to waste sites was related to distance 
from place of residence to the site. After correcting for confounding factors, this found 
no relationship between birth defects and residing close to a hazardous waste site, 
although the authors admitted that there were significant limitations associated with 
their study, including problems with exposure assessment.
Exposure assessment around landfill sites is very difficult, especially in multisite 
studies. One significant problem with such epidemiological studies is that they 
represent landfill sites as points located at the centre of a postcode. Especially in rural 
areas, postcodes can represent large geographical areas of up to several kilometres in 
size. This study could result in significant errors in exposure classification as both the 
location of the landfill site and the health data were identified by postcodes. Nor are 
landfill sites point sources of pollution; they are instead large area sources, which 
should ideally be represented on a GIS as a polygon. In addition, the use of distance as 
a proxy for exposure is a major simplification as exposure is highly influenced by 
other inhomogeneous factors such as wind direction, water supply routes and terrain.
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Langholz et al, 2002) carried out a case control study examining the risks of 
leukaemia around roads in Los Angeles, USA (Langholz, Ebi, Thomas, Peters, & 
London, 2002). Exposure to traffic was determined by calculating a distance-weighted 
traffic density measure. This measure was estimated from two variables: traffic counts 
and distance from the road. Traffic counts for each road were obtained from the 
Department of Transportation. Traffic pollution was assumed to follow a Gaussian 
distribution from the centre of the road. Individuals included in the study were 
assumed to be exposed to all streets within 1500 feet from their place of residence. 
Each individual was given an exposure value based on traffic counts in the 
surrounding streets multiplied by the value of the gaussian curve from the centre of 
each street to where they lived. The results failed to show a relationship between 
exposure to traffic pollution and leukaemia, however, the simplistic exposure measure 
is a major limitation of this study.
Wilkinson et al (1999) used a similar approach to cany out a case control study of 
hospital admissions for asthma in children in north-west London (Wilkinson, Elliott, 
Grundy, Shaddick, Thakrar, Walls, & Falconer, 1999). This study used Hospital 
Episode Statistics (HES) for children aged 5-14 years in the North Thames (West) 
health region. These statistics contained the postcode of the home address of all those 
admitted to hospital, which allows for the coordinates of all cases to be determined. 
Controls were also identified among emergency admissions, which included all 
admissions for conditions other than respiratory diseases, accidental admissions and 
poisonings. The participants’ places of residence were located using the postcode 
centroid. Road location data were obtained from Ordnance Survey and road traffic 
data from a model developed by the London Research Centre. GIS was used to link 
the traffic model output to Ordnance Survey data. There were 3 separate measures of 
exposure: distance from the nearest main road; distance to the nearest main road with 
an estimated rush hour traffic volume exceeding 1000 vehicles per hour; and 
computed traffic volume along roads within a radius of 150 m of the postcode 
centroid. The data were adjusted to account for potential differences between hospital
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diagnosis and socioeconomic confounding. This study found no relationship between 
any of the measures of exposure and hospital admissions for asthma; however, again 
the study was limited by inaccurate exposure assessment.
Venn et al (2001) carried out a case control study of school children in Nottingham 
investigating the impact that living near a main road had upon wheezing (Venn,
Lewis, Cooper, Hubbard, & Britton, 2001). This study used distance from place of 
residence to the nearest main road as a proxy for exposure, estimated using the GIS 
software package Arclnfo. This software allowed distance from the postcode centroid 
of the place of residence to the nearest main road to be calculated. Both the postcode 
and road data came from Ordnance Survey databases. The study found that, among 
children living within 150 m of a main road, the risk of wheeze increased with 
increasing proximity by an odds ratio (OR) of 1.098 per 30 m increment in primary 
school children and 1.160 in secondary school children. However, the study had 
problems with exposure misclassification; for example, no account was taken of the 
effect that traffic density, meteorology and physical obstructions would have upon 
pollution distribution. In addition, the study assumes that everyone spends all their 
time at their place of residence and that pollution distribution is uniform throughout 
postcodes, assumption which may not always be appropriate.
Maheswaran and Elliott (2003) used a similar approach to carry out a small scale 
ecological study of stroke mortality near roads in England and Wales (Maheswaran & 
Elliott, 2003). The study used population and health data from the 1991 census 
enumeration districts and a 1 to 200,000 resolution road network data. The authors 
then used Arclnfo to calculate exposure as the distance between the population 
weighted enumeration district centroid to the nearest main road. They adjusted for age, 
sex, socioeconomic status, regional variation, urbanisation and metropolitan area. The 
results of the study indicated that stroke mortality was 7 % higher in men living within 
200 m of a main road compared with men living greater than 1 km away. The 
corresponding risk to women was 4 % and the risk combined was 5 %. The results of
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this study are subject to the same limitations associated with exposure 
misclassification as mentioned earlier.
Van Vliet et al (1997) used a similar approach to the above studies, however, they also 
used other methods to help with their exposure assessment (van Vliet, Knape, de 
Hartog, Janssen, Harssema, & Brunekereef, 1997). They examined the effect of motor 
vehicle exhaust on the respiratory health of children. They did this by carrying out a 
cross-sectional study of children who attended schools less than 1 km from major 
freeways in the providence of South Holland in The Netherlands. Exposure was 
estimated in a number of different ways: simply using distance from home and school 
to the freeway; using a traffic intensity measure (using similar approaches to those 
already outlined); by measuring ambient air pollution at some of the sites, by taking 
ambient air measurements inside 12 of the 13 participating schools; and by measuring 
exposure based on wind direction to estimate the percentage of the time that the school 
was downwind of a freeway. The health and population data were obtained from a 
questionnaire completed by the children’s parents. The results of the study indicated 
that living near a major freeway was associated with a greater likelihood of respiratory 
symptoms. There was also found to be a relationship between increased concentrations 
of black smoke in schools and a decrease in lung function in children, which was 
particularly marked in girls. Again, the study has the same problems with exposure 
assessment as mentioned earlier, although it does have the advantage that it uses 
several different methods of exposure assessment.
Dunn et al (1995) used a slightly more sophisticated approach to examine asthma 
prevalence around a factory in Durham, UK (Dunn, Woodhouse, Bhopal, & Acquilla, 
1995). The authors used GIS to estimate exposure, using distance as a proxy for 
exposure. The only difference was that, as seen in figure 7, the population were 
divided into quadrants. Quadrants were chosen to represent exposure because the 
predominant wind direction is to the north east, meaning that those living in this area 
are most likely to be exposed. While this is a better form of exposure assessment than 
simply using distance as a proxy for exposure, it is unrealistic to think that the
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transport of atmospheric pollution is solely determined by wind speed and direction- 
rather, it is also determined atmospheric stability, stack height, precipitation levels, 
terrain and other factors (Carruthers et al., 1994). This study found an increased 
prevalence of asthma in middle-aged and elderly adults living 500 to 1000 m north­
east of the factory. The laek of accurate exposure data combined with other factors, 
such as differences in asthma diagnosis rates meant, however, that the study could 
only indicate that there was a higher prevalence of asthma than expected and could not 
assert that the factory was the cause of this.
Figure 7 Estimating exposure to a factory using distance and direction (Dunn, 
Woodhouse, Bhopal, & Acquilla, 1995)
* \  d,
' n-
2.5.3 Using GIS to interpolate monitoring data to estimate exposure
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The ability of GIS to integrate data means that it is possible to assess exposure using 
either modelled or monitored concentrations of pollutants. It is especially useful with 
environmental monitoring data as it is not possible to monitor everywhere, therefore, 
interpolation techniques can be used to estimate pollutant concentrations at 
unmeasured locations. This approach was used by Sengupta et al (1996), who used 
GIS to assess exposure and health risks from atmospheric pollutants in the greater 
Bombay region of India. The study used interpolated maps of three atmospheric 
pollutants: nitrogen dioxide, sulphur dioxide and total suspended particulate matter. 
Monitoring data were recorded at 22 locations throughout the city. GIS was used to 
estimate interpolation pollution concentrations throughout the entire city. Population 
data and population growth data were also linked to give an idea of “population 
pressure”, i.e. areas which not only have large populations, but also have high 
population growth rates.
Using this information, the authors managed to classify five potential risk zones. The 
high-risk zones were areas with both high concentrations of pollutants and high 
population growth rates. Conversely, areas with low population pressure values and 
low concentrations of pollutants were classified as low risk. This approach could 
prove very useful in helping with the decision-making process, for example, when 
determining transport policy. This study has several limitations associated with it, 
however. The small number of monitoring locations over the city means that the 
pollution estimates are unlikely to be accurate. In addition, there was no attempt to 
validate the pollution interpolation that took place, nor does the paper detail how the 
population estimates were made, which could be a significant source of error, as 
populations may be very mobile in large cities.
A similar approach was used by Cicero-Femandez et al (2001), who used GIS to 
estimate exposure to ambient PMio in the metropolitan area of Mexico City. This 
study used five years of monitoring data from a network of ten PMio monitoring 
stations, each in a different part of the city. Each station was geocoded and linked to a 
spatial domain (the area that each monitoring station was assumed to represent). GIS
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was then used to interpolate concentrations of pollutants within each spatial domain. 
Using Inverse Distance Weighing and the 24-hour average concentration, a map was 
produced of the estimated pollutants in each metropolitan area. Population data by 
administration area were taken from the census. GIS was subsequently used to link the 
two datasets.
This allowed the calculation of population exposure estimates, which enabled the 
authors to determine how many people were exposed to concentrations of PMio above 
the air quality standard (50 ug/m^). It also allowed for an assessment of the impact of 
various air pollution reduction standards, which established that, if air quality 
standards were met in Mexico City, the average individual would be exposed to 
14ug/m^ less PMio per year than current levels. Again, however, this study was 
limited in that it only used data from 10 monitoring stations across the whole of 
Mexico City. In addition, even though GIS techniques were used to interpolate 
concentrations and the simple point in polygon technique was not used, the authors 
themselves admit that there may have been errors in the estimation of the pollution 
data, as they had no evidence that this was indeed how pollutants are distributed in the 
city. This demonstrates the importance of validating any modelling results. Using data 
from more monitoring points or using models to estimate the concentrations would 
have been more effective. Another limitation is that the authors assumed that eveiyone 
spends all their time in the administrative area that they live in.
Pikhart et al (2001) used kriging to interpolate the concentrations of sulphur dioxide 
(SO2) from 50 sites in Prague (Czech Republic) and 80 sites in Poznan (Poland) 
(Pikhart, Bobah, Goiynski, Wojtyniak, Danova, Celko, Kriz, Briggs, & Elliott, 2001). 
Arclnfo was then used to link these data to pollution data, with the exposure 
assessment used for a cross-seetional epidemiological study. The results showed an 
association between long-term concentration of pollution and wheezing and asthma in 
children.
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Despite the fact that interpolation is relatively straight forward to carry out using GIS, 
there are few published health studies that have used interpolation solely to determine 
exposure (Briggs, 2005). The main reason for this is that the main method of 
interpolating data, kriging, is not effective at accurately predicting pollution values, 
because pollution generally has very complex spatial patterns. For example, air 
pollution from ground level sources has extremely steep gradients which could only be 
properly interpolated with a very dense network of monitors. This means that on many 
occasions it is simply not practical to interpolate monitoring data or that the 
interpolation methods must be matched to the physical processes and their 
consequences..
2.5.4 Interpolating concentrations of pollutants using intelligent interpolation 
models
A better way of estimating pollution values is to use what Briggs (2005) describes as 
‘'‘intelligent interpolation modeW^, which makes use of information on not only 
monitored pollution values but also other variables which affect pollution 
concentrations (Briggs, 2005). These variables include any factors that are related to 
pollution and which have a geographical attribute, for example, traffic volumes on a 
road or housing density. Techniques such as co-kriging which involve the use of 
covariates to estimate pollution values have been successfully applied in several 
studies (Briggs, 2005) (Cyrys, Hochadel, Gehring, Hoek, Diegmann, Brunekreef, & 
Heinrich, 2005) (Hoek, Brunekereef, Goldbohm, Fischer, & Van Den Brant, 2002).
Cyiys et al (2005) applied a form of stochastic modelling using monitored levels of 
NO] and PM2.5 pollutant levels for 40 locations along with information on traffic 
intensity and population density (Cyiys, Hochadel, Gehring, Hoek, Diegmann, 
Brunekreef, & Heinrich, 2005). This study involved the use of a regression model to 
predict exposures at unmonitored locations, which were then linked to population data 
to estimate exposure. In addition, atmospheric dispersion modelling from sources of 
pollution was carried out using a gaussian model and the results were linked to
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population data. To compare the two measures of exposure the modelled 
concentrations were classified into three categories; high, medium and low, based on 
tertiles so that there were equal distributions in each category. The two exposure 
assessments showed a good agreement, with 70 % of the study subjects classified into 
the same exposure category in both studies.
Hoek et al (2002) carried out a cohort study to determine whether there was any 
relationship between air pollution exposure and adverse health outcomes in The 
Netherlands (Hoek, Brunekereef, Goldbohm, Fischer, & Van Den Brant, 2002). Their 
study assumed that air pollution exposure could be described by three different 
variables: regional background concentration, degree of urbanisation and additional 
urban background pollution caused by road traffic. The pollutants of interest were 
Black Smoke (BS) and Nitrogen Dioxide (NO2).
Regional background concentrations were estimated by inverse distance squared 
weighted interpolation of BS and NO2 at regional monitoring stations. To account for 
the effect of urbanisation, address density was used. This estimated the concentration 
of BS and NO2 models for each participant in the study using the address density, as 
the relationship between address density and these pollutants. To estimate the effects 
of local variations, distances from the subject’s home address to major roads were 
calculated using GIS, with those who lived within 100 m of a freeway or 50 m of a 
major urban road defined as exposed. Using data from a monitoring study, the authors 
determined that living within 100 m of a freeway resulted in long-term exposure to BS 
of 4.4 ug/m^ and to an NO2 concentration of 11 ug/ml People living within 50 m of a 
major inner city road were estimated to be exposed to 13 ug/m^ BS and 8 ug/m^ NO2 . 
Each subject in the cohort study was then assigned an exposure based on where they 
lived. The cohort study controlled for a wide range of factors, including diet, 
occupation and socioeconomic status. The results revealed that cardiopulmonary 
mortality was associated with living near a major road and, less strongly, with the 
estimated ambient background concentration. Again, however, problems with the 
exposure assessment included there being significant variation over small distances
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from roads. The study also failed to account for other sources of pollution or for the 
fact that people do not spend all their time in one location.
Toledano er al (2005) used GIS to help model exposure to Total Trihalomethane 
(TTHM), a byproduct of the chlorination of water, in public water supplies, in an 
epidemiological study examining the effect of TTHM exposure on still births and birth 
weights (Toledano, Nieuwenhuijsen, Best, Whitaker, Hambly, de Hoogh, Fawell, 
Jarup, & Elliot, 2005). TTHM exposure was estimated using measured environmental 
data from water zones. Because of the low number of samples, there were a variety of 
different modelling approaches used to estimate the concentrations at unsampled 
locations. Information from sampled locations was combined with information on the 
characteristics of an unsampled area, taking into account, for example, whether 
ground, lowland surface or upland surface water existed in an area. These data were 
then linked to the maternal postcode at time of birth using Arclnfo GIS software. The 
study found a significant association between still births and mothers who live in areas 
with high TTHM exposures.
2.5.5 Using GIS to integrate dispersion modelling results with population data to 
estimate exposure
There are numerous software models available for estimating the distribution of 
pollutants in the environment (Department for Environment Food and Rural Affairs & 
Environment Agency, 2002) (James, Matthews, & Nix, 2004) (Carruthers, Robins, 
Smith, Thomson, & Hudson, 1992). Models are used because adequate environmental 
monitoring is rarely available for an entire area and time period of interest. These 
models are widely used for regulatory purposes; however, by using GIS and 
considering other variables that may affect exposure, they can also be applied for 
exposure assessment. One of the most widely used types of modelling for exposure 
assessment is air dispersion modelling.
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In a case control study of stillbirths, Ihrig et al (1998) investigated adverse 
reproductive outcomes around an industrial plant in Texas in the USA, which released 
arsenic into the atmosphere (Ihrig, Shalat, & Baynesm, 1998). Information was 
collected on 119 cases and 267 controls between 1983 and 1993, with exposure 
estimated using a dispersion model called the fugitive dust model that was developed 
by the United States Environmental Protection Agency (USEPA). The model took 
account of the amount of arsenic emitted from the plant, the prevailing wind direction 
and other atmospheric conditions, the velocity of the emissions, the height of the stack 
and the size of the particles emitted. The model was used to predict arsenic 
concentrations for a 16-year period from 1973 to 1989. Exposure levels were 
estimated for residential addresses of study subjects at the time of delivery of their 
babies. Maternal age, race/ethnicity and marital status were obtained from medical 
records and socio-economic status was calculated from census data. The results of this 
study revealed a higher rate of stillbirths among mothers who were exposed to higher 
concentrations of arsenic. This study is superior to some other studies because 
estimating exposure using predieted levels of pollutants is better than using a proxy 
measure. The modelling was not, however, validated by comparison with measured 
data. In addition, the study ignored other sources of pollutants, which may have 
confounded the results, and it assumed that pregnant mothers spent all their time at 
their location of residence.
Scoggins et al (2004) used GIS to relate ambient air pollution levels to mortality in 
Auckland, New Zealand (Scoggins, Kjellstrom, Fisher, Connor, & Gimson, 2004). An 
urban airshed model^ called CALGRID was used to estimate annual average NO] 
concentrations per 9 km .^ Population data were obtained from the census as well as 
age and sex breakdowns and socio-economic status. The average pollution per Census 
Area Unit (CAU) was then estimated using an area-weighted average value. Mortality 
data were provided for all non-external causes of death and circularity and respiratory 
deaths at the CAU level. After adjusting for confounding factors, the investigators 
found a 1.3% increase in non-external cause mortality and a 1.8% increase in
A type o f air pollution model used to model large area sources such as cities.
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circulatory and respiratory causes per Ipg/m^ increase in average NO2 concentrations. 
Based on these figures, a risk assessment was carried out which estimated that over 
250 people die from non-external eauses and circulatory and respiratory causes due to 
air pollution in Auckland every year.
This study provides some interesting information that would be useful for decision­
makers, although again it does have certain limitations. The authors validated the 
modelled results against some monitoring data, which showed a relatively good 
agreement. However, making the assumption that concentrations of pollutants are 
similar over a 9 km  ^area is unrealistic. Using health and population data from 
relatively large areas such as CAUs is also a simplification and, again, the study did 
not account for population movement.
Walker et al (1999) used an atmospheric dispersion model called EPISODE to 
estimate exposure to air pollutants in Oslo, Norway (Walker, Slordal, Guerreiro, 
Gram, & Gronski, 1999). Emission data for the model were taken from a database 
with information on emissions from traffic and point sources of pollution such as 
industiy and domestic heating. Meteorological variables such as temperature, vertical 
air temperature gradient (a measure of stability) and wind speed and direction were 
obtained from a meteorological station based in the centre of Oslo. Unlike other 
studies in this review, modelled concentrations were validated by comparison to 
monitored data. In this case the predicted results showed a good agreement with 
monitored results. Modelled concentrations were then joined to population data to 
estimate each person’s dose and the population load (a measure that combines person 
dose with population numbers).
Brody et al (2004) used GIS to estimate historical exposures to pesticides in Cape 
Cod, USA (Brody, Vorhees, Melly, Swedis, Drivas, & Rudel, 2002). Exposure was 
estimated at individual residences using atmospheric dispersion models and historical 
records of pesticide use between 1948 and 1995. The data about historical pesticide 
use came from a number of sources including the Forestry Service, the USEPA and
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the US Department of Agriculture. Individual exposures were calculated using a 
spatial proximity tool that linked subject’s addresses with environmental data, taking 
into account factors that affect exposure, such as distance from the site of pesticide use 
and duration of exposure, as well as the results from a dispersion model. The USEPA 
Industrial Source Complex Short Term model (ISCST3) was used to predict air 
pollutant concentrations.
The exposure assessment was then used for a case control study of breast cancer 
incidence and past exposure to pesticides (Brody, Aschengrau, Me Kelvey, Rudel, 
Swart, & Kennedy, 2004). This found no overall pattern of association between 
pesticide exposure and breast cancer. Small increased risks were found for aerial 
application of persistent and less persistent pesticides applied to trees or agriculture. 
Adjusted odds ratios for these exposures were 1.8 or lower, with confidence intervals 
that did not exclude the null. The two studies were limited by several factors. Firstly, 
there was considerable uncertainty about the exact location of home addresses prior to 
1980. There was also concern that unrecorded applications of pesticides may have 
taken place. As with any dispersion modelling, there is inevitably some uncertainty 
about the results, especially given the timescale involved, which would have affected 
the accuraey of data input to the model. Again, no attempt was made to consider 
population movement, which could be problematic, especially as the studies were 
estimating exposure over a long time period. The study, however, demonstrated how 
GIS has the ability consider not only spatial patterns of exposure but also temporal 
variations. Time is an attribute that is difficult to account for and, as a result, previous 
exposures are not normally considered in environmental epidemiology. GIS, however, 
gives researchers the ability to deal with this if suitable data is available.
Maslia et al (1994) used groundwater transport models to map the distribution of 
trichloroethylene (TCE) in groundwater (Maslia, Aral, Williams, Susten, & Heitgerd, 
1994). The TCE came from a contaminated land site, which had polluted an aquifer 
used for water abstraction. The modelled concentrations of TCE were linked to 
population data. The use of GIS allowed several different exposure pathways to be
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considered, including dermal, ingestion and inhalation. The input variables to the 
groundwater models were changed to consider the effect of different remedial options 
on population exposure to TCE. The ability to consider multiple pathways is a major 
strength of GIS.
2.5.6 Using GIS to integrate personal monitoring data for exposure measurement
Predicting the spatial distribution of pollutants in the environment is a very complex 
task; however, as mentioned previously, it is only one aspect of exposure assessment. 
Estimating the distribution of receptors is equally important and, unfortunately, just as 
complicated. Many epidemiological studies or risk assessments make the false 
assumption that individuals spend all their time at their place of residence and that 
indoor exposure is equal to the exposure outside. However, in reality, people 
continuously move from location to location, thus changing their exposure constantly. 
Most people spend a considerable amount of time away from their place of residence 
each day, and most move house several times during their lives, making it very 
difficult to assess long term exposure. In addition, exposure is known to vaiy 
significantly between indoors and outdoors and even between rooms in the same 
building (Briggs & Elliott 2005). Therefore, even if it were possible to predict 
pollution concentrations accurately for every single location in the area of interest, 
ignoring population movement would lead to inaccurate estimates of exposure. 
Nevertheless, there have been several attempts at including population movement in 
exposure assessment. This is known as integrated modelling, described by Briggs 
(1992) as “ the modelling and mapping o f actual levels o f exposure by intersecting 
geographical models o f pollutants and human distribution ” (Briggs 1992).
Jensen (1998) developed a methodology for using GIS to estimate population 
exposure to traffic air pollution (Jensen 1998). GIS was applied to combine calculated 
air pollution data using an air pollution model with population data. Pollutant 
concentrations were estimated using the Operational Street Pollution Model (OSPM) ,
A model developed in Denmark for modelling transport emissions.
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which estimated the concentrations of pollutants based on background concentrations, 
street configurations, traffic levels and meteorological factors. ArcView was used to 
estimate the street configurations and building heights. GIS was, therefore, not only 
used to integrate the data but also to determine input values for the various models. As 
shown in figure 8, the census data, together with statistical information on the numbers 
of people at each particular location over time, were used to develop an exposure 
model. This particular model was designed for the purposes of risk assessment or 
decision support, for example, trying to assess the impact of alternative transport 
strategies upon health.
A similar approach was used by Kousa et al (2002), who estimated population 
exposure to ambient air pollution in an urban area (Kousa, Kukkonen, Karpinen, 
Aamio, & Koskentalo, 2002). Again, the authors used the OSPM model to estimate 
the concentrations of pollutants from transport. The concentrations of NO2 over the 
Helsinki Metropolitan Area for 1996 to 1997 were modelled.
Figure 8 Methodology used for assessing exposure to traffic pollutants (Jensen 1998)
Population ModelAir Pollution Model
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The results of the dispersion model were then combined with information on people’s 
time activities. The time activity data were obtained by means of questionnaires. In 
total, 435 individuals aged 25 to 55 years old were asked to record their movements 
every 15 minutes for 2 months. This information was combined with data on the 
number of people who live at each home and work at each location, obtained from the 
census, to allow estimates of the number of hours people spent at each location. 
Combining this information using the GIS program Maplnfo allowed the average 
exposure per person (ug/m^/person) to be calculated. The researchers validated some 
of the dispersion modelling with air quality monitoring and found Index of Agreement 
(IOA/ values, between 0.65 and 0.82. The modelling also showed that people tend to 
be exposed to the highest concentration of pollutants when they are travelling; 
however, as they spend a relatively short period of time travelling, average exposure is 
influenced more by exposure in the home and in the workplace.
Bartonova et al (1999) used the air dispersion model EPISODE to model pollution 
from different traffic scenarios in Oslo, Norway (Bartonova, Clench-Aas, Gram, 
Gronski, Guerreiro, Larssen, Tonnesen, & Walker 1999). This aimed to determine the 
impact that the construction of a traffic tunnel had on personal and community 
exposures. The dispersion modelling results were linked to diaiy-recorded information 
about where people spent their time. Using geocoded address data and GIS, it was then 
possible to estimate exposures. The results showed that constructing the new road 
tunnel had the effect of increasing the total traffic volume, though it also had the effect 
of reducing peak exposures and exceedances of regulatory air quality values. While 
integrated exposure assessment has very clear advantages over other methods of 
exposure assessment, it is resource intensive and has therefore not been used for many 
epidemiological studies. In addition, some diseases, for example, cancer, have long 
latency periods, meaning that integrated exposure assessment may have limited 
applications for environmental epidemiology.
This term represents the ratio between modelled and monitored values.
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2.5.7 Using GIS to determine exposure misclassification
In addition to GIS being able to determine exposure, it has also been successfully 
applied to help determine exposure misclassification, which is an important part of any 
epidemiological study. A common problem with using GIS to determine exposure 
using large datasets is that accurately determining place of residence is difficult. In the 
USA automated geocoding is used to assign geographic co-ordinates to an individual 
based on their street address. This method relies on using the street centerline files as a 
geographic reference, which introduces a certain amount of error into the exposure 
classification. Cayo and Talbot (2003) used aerial imagery to determine the Hrue 
location of 3000 residential addresses (Cayo & Talbot, 2003). This was then compared 
to the geocoded address, to determine the accuracy of geocoded addresses (see figure 
9 for a graphic description of how this was done), and showed that the accuracy of 
such datasets was related to population density. In urban areas, 95 % of the addresses 
were geocoded to within 152 m of their true location, while in rural areas 95 % of the 
addresses were geocoded to within approximately 3,000 m of their true location. This 
could have serious implications for any exposure assessment and, depending on the 
health study scenario, it may not be appropriate to use automatically geocoded 
datasets.
Figure 9 An aerial photograph explaining how Cayo and Talbot (2003) determined 
the accuracy o f geocoded information by determining the difference between the true 
residential address and the automated geocoded address (Cayo & Talbot, 2003)
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Similar methods have been employed by other researchers in the USA looking at the 
effect that geocoding errors might have upon exposure misclassification (Hurley, 
Saunders, Nivas, Hertz, & Reynolds, 2003) (Me Elroy, Remington, Trentham-Dietz, 
Robert, & Newcomb, 2005) (Ward, Nuckols, Giglierano, Bonner, Wo Iter, Airola, Mix, 
Colt, & Hartge, 2005). These have found that using geocoding to determine a person’s 
place of residence can result in significant exposure misclassification (Me Elroy, 
Remington, Trentham-Dietz, Robert, & Newcomb, 2005). Similar problems exist in 
the UK, with postcoded health and population data. Particularly in rural locations, 
postcodes can represent large geographical areas. This problem does not seem to have 
been tackled in any published articles. The issue therefore warrants further research 
and is examined in sections 3.9.1 and 5.3.3.
2.5.8 Using GîS to deterinine exposure and environmental equity
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Because of its ability to combine geographically-related data, GIS can link exposure 
data to any variable that is georeferenced, and not just adverse health events. One 
variable that has been linked to exposure is socioeconomic inequality, a common 
confounding factor in environmental epidemiological studies. Maantay (2002) gives 
an excellent review of the potential of GIS for investigating environmental justice as 
well as, importantly, a discussion of the relevant limitations (Maantay, 2002). 
Numerous environmental equity studies appear to use distance as a proxy for exposure 
(Maantay, 2002). Although this may not be the best measure of exposure for some 
environmental epidemiological studies, it may be appropriate for some environmental 
equity studies, because some of the adverse effects from environmental hazards, for 
example, noise or a decrease in housing prices, may be better related to distance from 
site than actual chemical exposures and these may cause adverse health effects 
(Maantay 2002).
Chakraborty (2001) used the atmospheric dispersion model Areal Location of 
Hazardous Atmospheres (ALOHA) to model the release of hazardous substances in 
Hillsborough County, Florida (Chakraborty, 2001a). This model was run using data on 
the location of fires or explosions, with GIS used to define buffer areas around 
potential point sources which could be at risk of such events. These two types of 
exposure assessment were combined and linked to population data obtained from the 
census. The exposure data were then compared to income and racial characteristics. 
This established that people with low incomes and, black and Hispanic groups were 
more likely to be potentially exposed to pollution accidents.
Some researchers, have used modelling approaches to investigate environmental 
equity. Brainard and Fallon (2002) modelled air pollution over Birmingham using the 
relationship between air pollution at monitoring stations and vehicle densities 
(Brainard, Jones, Bateman, Lovell, & Fallom, 2002). This was linked to census data at 
enumeration district area, and the relationship between socioeconomic status and 
modelled air pollution was established. This suggested that poorer people and ethnic
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minorities were more likely to be exposed to all industrial units which contained 
potentially toxic pollutants.
2.6 Conclusions
GIS has been successfully used for exposure assessment in health studies. The reason 
this area of research is so important is because exposure assessment is ^Hhe Achilles 
heel o f environmental epidemiology^ (Elliott & Wartenberg, 2004). Improved 
exposure assessment would lead to improved understanding of the effects of 
environmental hazards on human health. Exposure assessment can be considered as a 
crucial piece in the jigsaw in which the overall picture of the effect of the environment 
on human health remains to be seen. As was shown in this review, GIS can be used to 
combine information from different datasets to determine exposures. There are, 
however, many drawbacks associated with this process. These include;
• Difficulty in obtaining good quality representative environmental data from either 
monitoring or modelling.
• Accounting for time varying exposures.
• Difficulty accounting for people constantly moving from location to location, 
thereby changing their exposure.
• There are many sources of pollution that have multiple exposure pathways, which 
are extremely difficult to account for.
• Difficulty in combining geographical datasets which may have different temporal 
and spatial attributes because of the way they have been collected. For example, 
combining census data collected every 10 years with hourly air pollution data 
collected over a period of days may not be appropriate.
Despite these limitations, GIS has enormous potential to improve exposure 
assessment. The particular strength of GIS is its ability to integrate different datasets. 
As such, it provides a way of making the vital link between environmental hazards, 
population and health data. It is this linkage which is so important for exposure
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assessment. The ability of GIS to handle large amounts of data means that it is 
possible to estimate exposure from different pollution sources and pathways at the 
same time.
The technique, therefore, offers environmental epidemiologists the opportunity to 
integrate different exposure pathways allowing for a better estimate of exposure. For 
example, Suzuki et al (2004) used a multimedia environmental exposure model to 
estimate exposure to organic pollutants via several different pathways (Suzuki, 
Murasawa, Sakurai, Nansai, Matsuhashi, Moriguchi, Tanabe, Nakasugi, & Morita,
2004). The results of the multimedia model could then be linked to population data 
using GIS, allowing a risk assessment to be carried out that considered people’s actual 
exposures and risks as opposed to environmental concentrations in one media. For 
example, exposure to a particular pollutant from industry, traffic pollution and soil 
contamination could be integrated to estimate exposure. In combination with the 
identification of sensitive receptors, this would allow prioritisation of environmental 
protection measures to be made. GIS also allows different temporal scenarios to be 
considered. For example, it would be possible to estimate exposure retrospectively 
around a landfill site and estimate any increase in the risk of diseases with a long 
latency period, such as cancer.
There have been many epidemiological studies of environmental hazards involving 
monitoring pollution around such sites (Department for Environment, 2004)
(Redfeam, Roberts, Dockerty, May, & Huisman, 2002) (Vrijheid, 2000). There has, 
however, been very little work carried out to integrate these two types of studies. This 
is what GIS can achieve. Faster computers which can store and manipulate veiy large 
amounts of data mean that, in theory, there is no limit to what GIS can do in terms of 
exposure assessment. The only limitation is the availability of good quality data and 
also the ability to integrate and interpret the data. To be carried out properly, GIS for 
exposure assessment requires an interdisciplinary approach. For example, to enable 
exposure assessment around a landfill site, air, soil, and water pollution experts would 
need to work with epidemiologists, public health or health informatics professionals.
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Interdisciplinary work has the advantage of allowing a broader approach to be taken 
for exposure assessment. It also, however, presents some challenges. Team work for 
any project that involves people with different backgrounds can sometimes be 
difficult. There are different reasons for this; for example, differences in working 
practices or different outlooks on issues. Although this is a drawback in using an 
interdisciplinary team for exposure assessment, it need not hamper the exposure 
assessment. One common problem seems to be the fact that different types of 
professionals use different language. This difficulty can be overcome by tiying to get 
everyone to fully explain in detail all the technical terms that they use.
GIS is therefore a vital tool for exposure assessment and is an area that the CHaPD of 
the HPA should invest resources in properly applying. The HPA and the other 
agencies who are involved in regulating or advising on environmental hazards collect 
a large amount of data that could be used for exposure assessment. Although GIS has 
been used by CHaPD in the past and there are plans for further use of it in the future, 
use of the technique remains insufficient (Chemical Hazards and Poisons Division,
2005) (Kinra, Lewendon, Nelder, Herriot, Mohan, Hort, Harrison, & Murray, 2005). 
Firstly, a specific plan is needed to investigate how GIS could be used to help with 
CHaPD’s daily work assessing exposure. GIS is currently used in a slightly ad hoc 
way for exposure assessment. There needs to be a specific plan of when and how GIS 
should be used, including training specific CHaPD staff to avoid GIS being a once off 
event and to allow it to be used more for the investigation of the health impacts of 
environmental hazards. As seen in this review, the availability of good quality 
environmental data is a major challenge in this type of exposure assessment. CHaPD 
collect a lot of information on chemical incidents, however, there is no necessity to 
request data for specific types of incidents. Perhaps there is a need for a protocol 
whereby specific data can be requested in certain types of incidents. This could then 
be used alongside population and health data and GIS for exposure assessment.
GIS has huge potential for CHaPD to improve exposure assessment. Currently, all 
IPPC applications have large amounts of data on emissions and dispersion of pollution
69
by all exposure pathways. Working with the Environment Agency and local authority, 
this information could be stored by GIS. It could also be linked to other databases, for 
example, background air pollution or soil contamination. This would make it possible 
to estimate exposure from all exposure sources and pathways. It would then be 
possible to identify people with the highest exposures, while also considering other 
factors, for example, susceptibility. This would allow the regulators to be able to 
prioritise intervention measures.
This literature review shows that GIS has many uses for exposure assessment. 
Particular areas of interest include the use of Global Positioning Systems (GPS) to 
accurately locate people in time and space, as well as the use of atmospheric 
dispersion models and interpolation techniques to estimate pollution concentrations. 
The potential advantages of using GIS for exposure assessment outweigh the 
limitations. It is also possible to combine GIS approaches with other techniques for 
estimating exposure; for example, with results from questionnaires and biomarkers. 
Integrating all these sources of information as best as possible gives a better measure 
of exposure and improves understanding of the health effects of the environment than 
current practice.
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3. Improved exposure assessment around a landfill site
3.1 Introduction to the Parkwood landfill site
The Parkwood landfill site in Sheffield has been used for waste disposal for a long 
time. The area was originally a brick works in the late 1800’s, a use that continued 
until the 1970’s. Alongside the abstraction of material for brick manufacture, disposal 
of reject bricks and ash from a nearby power station took place. Debris from the 
Second World War was also deposited at the northern end of the site.
Figure 10 Photo o f Parkwood landfill site taken from the site where new houses are 
built © June 2002, CHaPD London
MATERIAL REDACTED AT REQUEST OF UNIVERSITY
Since 1968 Sheffield City Council have disposed of domestic, trade and hazardous 
waste at the site. The site has changed ownership several times since and the current
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operators, Viriddr Waste Management, intend to dispose of waste at the site until 
2010. Until 2002 the site operators received very few complaints from local residents. 
However, the building of new homes close to the perimeter of the landfill caused the 
local public to become concerned about the health impacts of the site. Complaints 
were made to the City Council, the Environment Agency and the local Primary Care 
Trust (PCT) about odour, nausea, cough symptoms, skin irritation and other health 
effects. There were also concerns about other more serious health problems such as 
cancers and congenital anomalies. The level of concern about the possible health 
effects of the site was such that in 2003 the local PCT was asked and agreed to carry 
out a Health Impact Assessment (HIA) of the site. The HIA was carried out with the 
help of a steering group. The steering group consisted of the PCT, the HPA (both the 
local HPU and CHaPD), the Environment Agency, Sheffield City Council, the site 
operators, local politicians, a local pressure group as well as local community 
representatives. The HIA had three elements (North Sheffield Primary Care Trust, 
2003):
1. A review of published research on the health effects of landfill sites. This 
concluded that there have been several studies that have indicated a possible 
relationship between landfill sites and adverse health effects, including congenital 
anomalies, although other studies did not indicate any adverse health effects. These 
studies suffer from major scientific limitations; therefore, it is extremely difficult to 
interpret the epidemiological evidence.
2. A health survey. This was designed to discover whether people who live closer 
to the landfill site report more ill health than those who live fiirther away. It was 
carried out using questionnaires that asked about the following health factors: 
respiratory symptoms, skin, nasal or eye irritation, anxiety or depression, neurological 
symptoms and liver problems such as jaundice. There were also questions on 
smoking, age, sex, length of time an individual has lived in an area, employment 
status, occupational history and causes of stress. The questionnaires were analysed in 
four groups, depending on distance from the site, so that, for example, prevalence of
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adverse health effects in the first kilometre around the landfill site were compared to 
those in the 2" ,^ 3^  ^and 4^  ^kilometres (see figure 11). There was a significant increase 
in some of these ‘self-reported’ symptoms occurring close to the landfill site, in 
particular bronchitis, chronic obstructive pulmonary disease (COPD), skin irritation, 
nasal irritation, eye irritation and neurological symptoms. There was also an increase 
in anxiety, depression and asthma closer to the site, although these were not as 
significant. Liver problems were also found to be more common further away from 
the landfill site. These differences were still seen after adjustment for age, sex, 
smoking, employment, employment history and how long people lived in the area.
3. An analysis of routine cancer, congenital anomaly, low birth weight and still 
birth data. These data were analysed according to distance from the site as before. 
There was no statistically significant increase in the incidence of cancers among those 
who lived close to the landfill. An increase in congenital anomalies and low birth 
weights was observed close to the site but this was not statistically significant and, 
therefore, could have been due to chance. There were not enough still births in the 
study period (1997 to 2002) to draw any conclusions.
It is difficult to draw any conclusions from the study. It found no statistically 
significant relationship between cancers and congenital anomalies and distance from 
the landfill. This is, however, unsurprising as there are generally small numbers of 
people who live close to these sites, making it extremely unlikely that a statistically 
significant increase in these health outcomes will ever be found (Dolk, 2002). It did, 
however, reveal increased reporting of certain health problems closer to the site. 
There are a number of possibilities why there are increased numbers of self-reported 
symptoms close to the site:
1. There could be a genuine causal link between the site and the adverse health 
effects observed.
2. There could also be an alternative cause of these symptoms, for example, 
another source of pollution.
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3. Those who live close to the landfill site could be more likely to report 
symptoms because of recall or reporting bias.
4. A combination of the above effects could have contributed to the results.
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Figure 11 How exposure based on distance from place o f residence to the centre o f 
the landfdl site was assessed around the Parkwood landfill site using the concentric 
circle approach
•  Landfill site centre
1 km concentric circles
The report on the results of the HIA recommended further work to better understand 
the effects that the landfill may have on human health, including obtaining better
75
estimation of exposure. The refined exposure assessment was tasked to CHaPD (L) as 
part of this EngD project (North Sheffield Primary Care Trust, 2005).
3.2 Methodology used for exposure assessment around the Parkwood landfill site
Valid and accurate estimates of exposure are an important part of understanding the 
health effects of a site like this. The better the estimate of exposure, the more likely 
any adverse effects caused by the site will be found by any epidemiological study. If 
there was found to be a stronger relationship between the refined estimates of 
exposure and the adverse health effects, then that might suggest that atmospheric 
emissions from the Parkwood landfill site are the likely cause of the increased 
prevalence of adverse health effects closer to the site. If on the other hand, the better 
estimates of exposure are less well correlated to adverse health effects then it might 
be reasonable to assume that atmospheric emissions from the landfill site are not 
responsible for the increase in self reported adverse health effects. These conclusions 
would, however, have to consider the fact that there are some uncertainties associated 
with using atmospheric dispersion modelling for exposure assessment.
From reviewing the information about the site and discussing this with the 
Environment Agency and Sheffield City Council the predominant exposure pathway 
around the site was thought to be the inhalation of atmospheric pollutants. This is 
consistent with local residents complaining about odour and dust problems. There is 
no local ground water abstraction, so that exposure pathway can definitely be 
excluded, however, it needs to be stated that all the exposure pathways in figure 36 
were not all fully considered by environmental monitoring, therefore, they can not be 
completely excluded from the analysis. However, given the fact that air appears to be 
the predominant exposure pathway at this site and also considering practical and 
resource constraints, it was decided that only the inhalation of atmospheric pollutants 
emitted from the landfill site would be studied.
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There are two widely used approaches of estimating exposure to atmospheric 
pollution, environmental monitoring and environmental modelling (Nieuwenhuijsen, 
2003). Both approaches have their strengths and weaknesses and an effective 
exposure assessment may need to use a combination of both. For estimating long­
term average exposure to atmospheric pollution for 4 km around the Parkwood 
landfill site, it was suggested that environmental modelling could be an effective way 
of estimating exposure. Similar approaches have been successfully applied to 
estimate population exposure to atmospheric pollutants for other scenarios (Hoek, 
Brunekereef, Goldbohm, Fischer, & Van Den Brant, 2002) (Scoggins, Kjellstrom, 
Fisher, Connor, & Gimson, 2004). There are numerous atmospheric dispersion 
models for estimating concentrations of pollution from sources of pollution. One such 
model that is widely used in the UK is Atmospheric Dispersion Modelling System 
(ADMS) (Carruthers et al., 1994). ADMS is a so-called second-generation Gaussian 
plume dispersion model, and it is commonly used for regulatory purposes in the UK. 
The following section describes how the atmospheric dispersion modelling was 
conducted.
3.2.1 Atmospheric dispersion modelling of the Parkwood landfill site for the 
epidemiological study
Atmospheric emissions from landfill sites are difficult to model for a number of 
reasons. The very nature of these sites means that they contain a variety of different 
chemicals. Landfill gas is also not produced immediately on disposal, but is the result 
of the degradation of the waste, by both aerobic and anaerobic processes occurring 
for many decades, even centuries after it has been placed in a landfill site. Despite the 
fact that there is currently a gas abstraction system at this landfill site, monitoring 
data suggested that there were also fugitive releases of gases from the surface of the 
site.
Atmospheric emissions from the site were modelled using ADMS, by adopting a 
simplified approach. Instead of estimating absolute exposure to all the chemicals
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released from the site, ‘relative exposure’ to atmospheric pollutants from the landfill 
site was estimated, by modelling the landfill site as an area source with a uniform 
emission rate of 0.001 g/s/m^ of a ‘passive tracer’. This makes the assumption that all 
atmospheric pollutants move in the same way from the site and are represented by the 
passive tracer. This may not be not be accurate as it ignores the fact that different 
chemicals have different physical and chemical properties which may affect how they 
move in the atmosphere. However, given the fact that there are significant 
uncertainties associated with the emissions it was deemed a reasonable assumption.
3.2.2 Input variables used for the atmospheric dispersion modelling
3.2.3 Terrain
Terrain is a very important variable at the site and had to be included in the modelling 
as the site is situated on a large slope. Terrain data can be input into ADMS in a 
variety of ways, provided that there is information on the geographical location and 
the heights (i.e. an x, y,z co-ordinate system). This data is imported into ADMS as a 
text file. The Ordnance Survey have terrain information in Digital Terrain Model 
(DTM) format called Land-Form PROFILE®. This data is in raster format, which 
consists of a series of cells each with modelled heights every 10 m (100 m^). To use 
this data in ADMS, it must be converted into a vector format. This was done by using 
the ArcMap ™ extension Spatial Analyst, which can convert raster data into vector 
data. The vector data were then assigned x and y co-ordinates, using an ArcMap ™ 
script (addxycord) with the terrain coordinates table. The data is then in the format 
necessary for use in ADMS.
For the area of interest to the epidemiological study around the Parkwood landfill site 
this created a file with over 1,000,000 terrain points. These data points could not all 
be used in ADMS as there is a limit of 5000 terrain points. Knowledge of the site and 
analysis of the terrain data using Deltagraph ™, allowed for the decision to be taken 
that the terrain data could be taken at a resolution of every 150 m (22 500 m^) (see
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figure 12). This was done by using a query in Microsoft Access, which selected the 
terrain points at intervals 150 m.
Figure 12 The terrain heights at a resolution o f 150 m mapped using Deltagraph TM
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3.2.4 Meteorological data
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This data set was obtained from a local weather station operated by Sheffield City 
Council. ADMS only allows four years of sequential meteorological data input so the 
years 2000 to 2003 were used. The following variables were included, the year, the 
day of the year, the hour, the temperature, the Monin-Obukhov length^, the wind 
direction, and the wind speed. The Monin-Obukhov length was estimated using a 
methodology which uses measures of potential temperature difference (A0) close to 
the ground and wind speed (U) at one or two levels (Berkowicz & Prahm, 1982). The 
meteorological monitoring station is located approximately 1.5 km from the landfill 
and meteorological conditions could be expected to be relatively similar at the two 
locations. A significant amount of meteorological data was missing. To make the 
ADMS runs quicker, hours with missing data were deleted. In total there were 19974 
hours of data, equivalent to approximately 56% of the meteorological data for the 
four years.
The landfill site company do collect some meteorological data at the site, however, 
this did not have all the necessary variables and the data were only available for 
several months. In addition, a large number of variables were missing which made 
any sort of a quantitative comparison of the two datasets very difficult. A comparison 
of the two types of meteorological data, when data was available, however, showed a 
good agreement between the datasets.
3.2.5 Emission Data
The initial purpose of the dispersion modelling was to estimate the relative exposure 
(to the passive tracer) for the epidemiological study. This would assume that 
emissions over the entire surface of the landfill were 0.001 g/s/m^ (a proxy emission 
rate for the purpose of estimating relative exposure). To do this the landfill site’s 
coordinates were mapped in ArcMap™ using information from the Integrated 
Pollution Prevention and Control (IPPC) application (SLR, 2003). This established 
that although the entire site had been used for the disposal of waste, only two separate
’ A value which describes atmospheric stability
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parts had been used for the disposal of domestic, commercial, industrial and 
hazardous waste. The rest of the site appears to have been used only for the disposal 
of inert waste. The site can be thought of as being divided into two separate sections 
of interest. The first part of the site, which was not part of the IPPC application, was 
operated by Sheffield City Council from the 1950’s and appears to have closed prior 
to 2001. The other part of the site is the part that was operated by Viridor waste 
management at the time of the present study (see figure 13). This is composed of 
three cells. In order to include terrain data in the model run, the parts of the landfill, 
which had received non-inert waste, had to be represented as a series of point sources 
instead of an area source (See figure 13). This is because ADMS cannot model area 
sources and include terrain (at the time of writing the model’s distributors Cambridge 
Environmental Research Consultants [CERC] plan to release a new version of the 
model which can do this). The emission rates for each of the point sources was then 
set at 1 g/s (see section 3.4 showing how this was converted into a uniform emission 
rate of 0.001 g/s/m^). A gas called ‘passive tracer’ was released with an emission 
velocity of 0 m/s at ground level with a temperature of 15 ®C. For simplicity and in 
order to keep model run times to a minimum, the two areas were modelled separately.
3.2.6 Output Grid
One option in ADMS is to predict pollutant concentrations on an output grid. An 
output grid is where the concentrations of pollutants are predicted at regularly spaced 
intervals, for example every 10 or 50 meters. Because of the fact that when ADMS 
uses terrain data, the output grid needs to be able to rotate 360° around the terrain 
grid, it was not possible to estimate concentrations of the passive tracer further than 
approximately 3 km from the landfill. Further terrain data could have been included 
but this would have meant that the output points from the dispersion modelling would 
have been further apart. This was deemed unnecessary, as preliminary modelling 
showed that anyone who lived more than 3 km from the site would be extremely 
unlikely to be exposed to significant long term concentrations of the passive tracer 
and as stated before, terrain is an extremely important variable at the site.
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3.2.7 Output Averaging Time
The model was set to estimate the long-term average concentration of the passive 
tracer in pg/m^.
3.3 Model run problems
When the model was initially run, it continually failed with the error message,
“An attempt was made to access data outside the Flowstar grid in 
WINDATAPOINT\
This was occurring because ADMS was attempting to estimate flow over hills and 
reverse flow occurred. For a source outside the region of reverse flow, the plume 
dispersion calculations are only influenced by the region of reverse flow if the plume 
centre line enters this region (CERC, 2002). If the reverse flow is encountered by the 
plume centreline, then ADMS increases the plume height until it is within a region of 
forward flow. The earlier version of ADMS 3.1 failed if the plume height increase 
was greater than 10 m or twice the original plume height i.e. if,
AZp > max (10 m, 2Zp)
Were Zp is the height of the plume centre.
If the emission velocity of the source was changed from 0 m/s to 1 m/s, the model 
would not fail in this way. The plume would, however, ground as it was too dense, 
and the model run would stop. This could be solved by making the exit temperature 
of the emissions from the landfill higher than ambient temperatures, by creating a 
time varying emission file with emission temperatures higher than ambient 
temperatures. These assumptions are not realistic, however, as emissions from 
landfills are passive i.e. they have no exit velocity and would be expected to be at
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almost the same temperature as ambient air. A sensitivity analysis in which the 
emission velocities were changed, indicated that this significantly affected the results.
The problem was eventually solved by obtaining the latest code of the ADMS model 
at the time (ADMS 3.1.10). This dealt with the effects of terrain better than previous 
versions, by allowing the model to keep running when the plume centre line 
encounter regions of reverse flow instead of making it fail.
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Figure 13 How the Parkwood landfill site was modelled as a series o f point sources 
(Sheffield City council operated the site in the past, while Viridor waste management 
currently operate the site)
©  C ro w n  c o p yrig h t. All rights reserved. Health Protection Agency, 100016969, 
[2006].
MATERIAL REDACTED AT REQUEST OF UNIVERSITY
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3.4 Modelling relative exposure for the epidemiological study
The initial dispersion modelling for the epidemiological study included the effects of 
terrain and the landfill site was represented as a series of point sources, each with an 
emission rate of 1 g/s. The old Sheffield City Council site, which had 32 point 
sources, had an emission rate of 32 g/s and the part of the site which is currently 
operated by Viridor which had 42 point sources had an emission rate of 42 g/s. As the 
two parts of the site have different areas, the emission rates had to be calculated for 
each square metre. The areas of the two parts of the landfill site were estimated using 
the ArcMap™ extension ‘Area tools’. This calculates the area of a polygon such as a 
landfill site. Using this information the emission rates used for the initial modelling 
were calculated by dividing the emission rate for the whole of that part of the site, by 
the area of the landfill giving the following values.
Sheffield City Council Site
1.25 X 10'^  g/sW
Viridor site
4!86xl0'^g/s/m^
The emission rates from both surfaces are not the same. As the modelling was done 
using the assumption that the surface area of the two parts of the site emitted the same 
amount of the passive tracer, the modelled concentrations were corrected to assume 
that the emission rates from both sites were 0.001 g/s/m^. This involved dividing the 
proxy emission rate which was 0.001 g/s/m^by the original emission rate and 
multiplying this by the modelled concentration as shown in equation 1.
PE/OE X MCx = REx [equation 1]
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Where:
PE = the proxy emission rate (g/s/m^)
OE = original emission rate (worked out above) (g/s/m^) 
MC = the modelled concentration at location x (pg/m^) 
RE = the relative exposure value at location x (pg /m^)
The results of the dispersion modeling were imported into ArcMap ™ as tables in 
text file format and then plotted in a view as an event theme^. These were then 
directly linked to postcoded population and health data by creating a spatial join, 
joining the pollution data to the postcoded centroid data. This information was then 
sent to the Sheffield Health Informatics Service for use in the epidemiological study. 
The output data from the dispersion model were 60 m apart, as a result it was judged 
sensible to link the modelled output to the nearest postcode centroid, without 
conducting spatial interpolation modelling such as kriging. There were several 
reasons for this. Firstly carrying out interpolation might imply an unrealistic 
confidence in both the dispersion modeling results and the results of any 
interpolation. Secondly the output grid of the dispersion modeling are sufficiently 
dense so that each individual postcode centroid can not be more than 30 m away from 
the nearest ADMS output value. This does, however, effectively assume that 
everyone lives in the postcode centroid, which may be unrealistic. The effect that 
using postcoded health and population data might have upon the estimated exposure 
values is further examined in section 3.9.
3.5 Results of modeling the passive tracer
The results of the modeling of the relative exposure are shown in figure 14.
An event theme allows a table to be plotted using its x and y eoordinates to loeate features.
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Figure 14 The predicted long term concentration o f the passive tracer © Crown
copyright. All rights reserved. Health Protection Agency, 100016969, [2006].
MATERIAL REDACTED AT REQUEST OF UNIVERSITY
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3.6 Validation of the modelling work
Unfortunately it was not possible to validate the modeling results against long term 
average monitored concentrations of pollutants in air as these are not available around 
the site. There has, however, been some short term monitoring both on and off the 
site (Austin, 2002). Environmental monitoring took place around the site on the 
following dates 14'  ^of March 2002, 27'^ March 2002, 10‘^  of May 2002 and 12'  ^of 
February 2003. Using equation 2 and ambient concentrations onsite to estimate 
emission rates, it was possible to estimate average concentrations of pollutants for the 
time periods when the monitoring took place. This involves using the output from the 
dispersion modeling to interpolate concentrations of pollutants in an ""intelligent 
w aÿ\ a similar way to that advocated by Briggs (Briggs, 2005). As outlined in the 
literature review in chapter 2 other authors have used approaches such as cokriging, 
which involves the use o f covariates to provide additional information on variations 
in the attribute o f interest at unsampled locations (Briggs, 2005). Examples of a 
covariate might include number of sources etc. Using the output from atmospheric 
dispersion modeling represents an extension of this approach and should give a better 
estimate of pollutant concentrations at unsampled sites than using geostatistical 
approaches such as kriging or inverse distance weighed to interpolate environmental 
monitoring.
Cx = M/Cm X CPx [Equation 2]
Where
Cx = the estimated concentration for location x (pg /m^)
M = monitored concentration at the ambient air monitoring location (pg /m^)
Cm = modelled concentration at the monitoring location using a proxy emission 
rate of 0.001 pg /s/m^ (pg /m^)
CPx = modelled concentration for location x using a proxy emission rate (pg /m^)
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The average concentration was predicted for the days when the monitoring took 
place, using the same modeling assumptions as those in section 3.2.2, however, only 
the meteorological data from the days when the monitoring was conducted were used. 
For all dates apart from the 12* of February 2002 this showed that modelled 
concentrations of pollutants were similar to those monitored in that all concentrations 
of pollutants whether monitored or modelled off site were below the limit of 
detection. Although reassuring, this does not indicate the degree of agreement 
between modelled and monitored concentrations.
The only exception is the 12* of February 2002 when concentrations of chemicals 
were recorded above their limit of detection down wind of the landfill site (Toluene, 
Ethyl Benzene, m-&p-xylene and o-xylene) were estimated from the dispersion 
modeling using ambient on site concentrations of pollutants and equation 2. This was 
done by accounting for background concentrations of pollutants (on site 
concentrations of pollutants were subtracted from the concentrations of pollutants 
measured at the western boundary, which was up wind of the site). The estimated 
concentrations of each of these chemicals were then mapped in ArcMap™ and then 
compared to monitored results.
3.6.1 Results of the modelling validation
The results of the validation are shown in figures 15 and 16.
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Figure 15 Modelled and monitored concentrations o f pollutants at Boynton Road
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Figure \6 Modelled and monitored concentrations at Batworth Road
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The results of the validation although not conelusive do eertainly indicate that the 
monitoring and modelling show a reasonable agreement, with the majority of the 
modelling results not exceeding monitoring results by a factor of 2. Reasons for 
possible discrepancies include
• Although upwind background concentrations of pollutants were accounted for 
when modelling the dispersion of the plume, other sources of pollution 
downwind of the site may be responsible for the occasions when the 
modelling under predicts pollutant concentrations.
• At the location on the landfill site where the monitoring was conducted, there 
appeared to be higher emissions of landfill gas. The modelling was done on 
the assumption that emissions are constant over the entire surface of the
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landfill. The modelling could, therefore, be seen as conservative for some 
chemicals, hence causing over predictions.
• Inaccuracies associated with the monitoring.
• Errors associated with the modelling, for example, inaccurate or inappropriate 
input data or assumptions.
3.7 Sensitivity analyses of the assumptions made in the dispersion modelling
3.7.1 Effect of including the old part of the landfill site in the analysis
The Integrated Pollution Prevention and Control (IPPC) application for the Parkwood 
landfill site indicates that there are two separate parts of the landfill site which have 
accepted non inert waste. These are shown in Figure 13. To examine the effect that 
including the part of the landfill site previously operated by Sheffield City Council 
had on the estimated relative exposure, both parts of the landfill site were modelled 
separately and the results were compared to each other. Each part of the site was 
modelled as a series of point sources with an emission rate of 1 g/s/m^. The 
meteorological and terrain data were kept exactly the same for both model runs. The 
model results were then imported into ArcMap^^ as text files, plotted as event themes 
so they could be compared to when the entire active part of the site was included.
3.7.2 The effect of including both parts of the landfill site
The magnitude of the concentrations changes in the two model runs, due to the fact 
that the surface area of the part of the landfill site operated by Viridor Waste 
Management is much larger and therefore has higher emissions. The spatial patterns 
of pollution as shown in figures 18 and 19, however, seem to be very similar. This 
suggests that for the purposes of estimating relative exposure it may make little 
difference whether emissions from the old part of the landfill site are included or not.
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This is probably because the two area sources are close together so any pollutants 
released from the site into the atmosphere are inevitably influenced by the same 
meteorology and terrain. Figure 17 shows the relationship between predicted 
concentrations from both parts of the site and only those from the part of the site 
currently operated by Viridor Waste Management. This shows a relatively good 
relationship. Excluding the part of the site previously managed by Viridor waste 
management would significantly underpredict exposures in some instances, especially 
at locations closer to the site, however, by and large the results of the two modelling 
runs show good agreement. The fact that the current area, which is being landfilled, is 
much larger than that of the older part of the site means that the effect of including 
the old part of the site (which is smaller) in the analysis is not as important, especially 
considering other uncertainties.
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Figure 17 The relationship between the predicted concentrations o f  a passive tracer 
obtained by modelling the 2 parts o f  the landfdl together and only including the part 
o f  the site currently operated by Viridor [Each point represents a geographic location, 
its value on the x axis is determined by the modelled concentration when emissions 
just came from the part of the site currently operated by Viridor waste management 
and the y axis is represented by the modelled concentration if all parts of the landfill 
site are included in the model]
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Figure 18 The estimated relative exposure from the part o f the site operated by 
Sheffield City Council
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Figure 19 The estimated relative exposure from the part o f the site operated by 
Viridor
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3.7.3 Examining the importance of variable emission rates over the landfill 
surface
A major assumption in the modelling was that the emission rates were constant over 
the landfill surface. Environmental monitoring suggests that this is not the case at this 
site and that emissions tend to come from discrete points on the landfill site, that 
change over time. The impact that this might have upon the predicted results can be 
determined by modelling each part of the landfill site separately. The results of 
modelling three point sources separately on different parts of the landfill site as 
shown in Figure 20, one on the east side, one on the west side and one on the 
southern part of the landfill, were compared with each other. These point sources 
were chosen to be representative of worst-case scenarios if emissions were not 
uniform across the surface of the landfill, but where concentrated from small areas of 
the site.
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Figure 20 Location o f sources modelled in the sensitivity analysis 
©  C ro w n  co p yrig h t. All rights reserved. Health Protection Agency, 100016969, 
[2006].
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The point sources shown in figure 20 were all modelled separately. Each had an 
emission rate of 1 g/s and a diameter of 50 m. The meteorological and terrain data 
were kept exactly the same, so any difference in modelled output was entirely due to 
differences in the location and size of the source.
3.7.4 The effects that the location of the emissions from the landfill surface 
would have upon modelled relative exposure
For the purpose of this sensitivity analysis it is important to see how the results of the 
initial modelling assuming a uniform emission rate compared with the results of the 
dispersion modelling from separate point sources. Obviously any differences will be 
more prominent either directly on, or close to the landfill site. For the purpose of this 
exposure assessment, only areas where people live are of interest. As a result, it is 
possible to exclude all uninhabited locations from the analysis. This meant that the 
area the landfill site, as well as a significant proportion of the land close to the site, 
which is disused or industrial land, were not considered. The results of this 
comparison can be seen in figures 21 and table 2.
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Figure 21 A comparison o f modelled results: each point on the graph represents a 
geographical location and the predicted concentrations using a point source on the 
west o f the landfill (y axis) and a uniform area source (x axis). The lines represent the 
best-fit line and factor o f 2 trend lines (y= 2x[red] and y = x/2[blue])
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Table 2 Agreement between the different modelling scenarios and the results o f the 
initial dispersion modelling with a uniform emission rate
Scenario Percentage of locations where modelled values were within 
25% of the uniform emission values (%)
Eastern source 96
Western source 81
Southern source 94
This analysis demonstrates that estimated concentrations using a uniform emission 
rate show a good agreement with the results of the dispersion modelling with 
different source locations. These three model runs represent worst-case scenarios, as 
emissions might be expected to come from different parts of the site over time. 
Therefore, assuming that there is a uniform emission rate appears to be a pragmatic 
way of modelling this site.
3.8 Assessing the impact of low wind speeds
ADMS like all other atmospheric dispersion gaussian plume models can not represent 
atmospheric conditions at wind speeds below 1 m/s (National Radiological Protection 
Board, 1999). When using hourly sequential meteorological data ADMS skips all 
hours when the when wind speeds are lower than 1 m/s. Unfortunately, however, 
wind speeds below 1 m/s might also represent the times when concentrations close to 
the source of pollution are highest. Wind speeds below 1 m/s occur at the 
meteorological station in Sheffield approximately 10 % of the time. This means that 
low wind speeds could possibly be having a significant impact upon the exposure 
assessment. This section investigates the meteorological data and describes some 
simplistic modelling work undertaken to investigate the impact that low wind speeds 
could have upon the results of the exposure assessment.
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3.8.1 Analysis of the meteorological data
The meteorological data were analysed to determine when low wind speeds occur.
All the hours of meteorological data when wind speeds were below 1 m/s were 
selected. These data were then analysed to determine when low wind speeds occur 
and what the average temperatures were. Figure 22 shows the frequency of wind 
speeds below 1 m/s at different times of the day. This shows that as would be 
expected low wind speeds are much more common at night time, because of the 
absence of solar heating.
In order to determine how low wind speeds are affected by the seasons, the data were 
split into two, one data set representing summer (April to September) and the other 
representing winter (October to February). 62 % of calms occurred in the winter 
months, while 38 % of calms occurred in the summer. A further analysis of the data 
showed that in both winter and summer, wind speeds below 1 m/s were again much 
more likely to occur at night time. An examination of the temperatures when wind 
speeds were less than 1 m/s showed that the majority of the times when low wind 
speeds occur the temperatures are what could be described as typical ranges for the 
north of England (see figure 23) (Met Office, 2005). It should be noted that this 
analysis considered data at the meteorological station and conditions at the landfill 
site, although nearby may differ slightly.
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Figure 22 The frequency o f wind speeds below 1 m/s at different times o f the day 
based on all the meteorological data used for the dispersion modelling
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Figure 23 Temperature ranges when wind speeds below 1 m/s occur
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3.8 .2  E s tim a tin g  concentrations o f  th e  passive tra c e r  a t  low  w in d  speeds
In order to estimate how all emissions from the site may behave in the atmosphere, it 
was decided to run ADMS using a modified meteorological data file. Instead of 
allowing ADMS to skip hours when wind speeds are less than 1 m/s, it was decided 
to represent all low wind speeds as 1 m/s. Although this would be expected to 
underestimate the concentrations of pollutants, it should give some idea of the likely 
magnitude of the impacts that calm conditions, which cannot be considered by 
ADMS, might have upon exposure assessment.
The product specification for the wind direction monitor indicated that the wind 
direction measurements become unreliable below 1 m/s. Therefore, it was decided to 
carry out a number of different model runs making three different assumptions about 
the wind direction in wind speeds below 1 m/s.
1. The wind was assumed to come from all directions (at 30 ° intervals) for an 
equal proportion of the time. This was done by editing the original 
meteorological file for ADMS, whereby the wind speeds lower than 1 m/s 
were distributed evenly at 30 ® intervals. There were 2063 hours when wind 
speeds occurred below 1 m/s. Out of these approximately 172 (=2063/12) of 
wind directions were assumed to come from each 30 ° wind direction. This 
was done to try to provide an extreme to be compared with scenarios 2 and 3.
2. The wind always comes from the west (the predominant wind direction at the 
site).
3. The wind always comes from the east. This was done to represent what may 
happen if during the night, air flow from the site became katabatic^ and 
flowed down hill (see figure 24) (Stull, 1999).
When a cold dense mass o f air descends down hill under gravity.
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Figure 24 Krigged terrain data around the Parkwood landfill site 
©  C ro w n  c o p yrig h t. All rights reserved. Health Protection Agency, 100016969, 
[2006].
MATERIAL REDACTED AT REQUEST OF UNIVERSITY
106
3.8.3 Results
The results of the atmospheric dispersion modelling for the 3 scenarios are displayed
in figures 25, 27 and 29.
1. When the wind direction at wind speeds below 1 m/s is assumed to come in all 
directions (at 30 ° intervals) for an equal proportion of the time including wind 
speeds below 1 m/s makes very little difference to the final concentrations of the 
passive tracer as shown in figures 25 and 26.
2. When the wind direction at wind speeds below 1 m/s is assumed to come from the 
west, including wind speeds below 1 m/s has a significant effect upon the maps of 
the results of the dispersion modelling, although as seen in figure 28 at the 
majority of locations changes in the concentrations of the passive tracer were 
within a factor of 2 (89 %).
3. When the wind direction at wind speeds is below 1 m/s is assumed to come from 
east including wind speeds below 1 m/s has a significant impact upon the maps of 
the results of the dispersion modelling. Although as seen in figure 30 at the 
majority of locations changes in the concentrations of the passive tracer were 
within a factor of 2 (89 %).
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Figure 25 Predicted concentrations o f the passive tracer when wind speeds below 1 
m/s are represented as 1 m/s and when it is assumed that wind direction at wind 
speeds below 1 m/s are uniform
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Figure 26 A comparison o f the modelling when wind speeds below 1 m/s are 
excluded to when wind speeds below 1 m/s assumed to be 1 m/s and when it is 
assumed that the wind directions at these wind speeds are from all directions
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Figure 27 Predicted concentrations o f the passive tracer when wind speeds below 
Im/s are represented as 1 m/s and when it is assumed that wind direction in these 
periods is always from the west
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Figure 28 A comparison o f the modelling when wind speeds below 1 m/s are excluded 
to when wind speeds below 1 m/s are included by assuming that they are 1 m/s and 
assuming that the wind directions at these wind speeds are always from the west
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Figure 29 Predicted concentrations o f the passive tracer when low wind speeds are 
represented as 1 m/s and when it is assumed that wind direction in these wind speeds 
are from the east © C ro w n  co p yrig h t. All rights reserved. Health Protection Agency, 
100016969, [2006].
MATERIAL REDACTED AT REQUEST OF UNIVERSITY
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Figure 30 A comparison o f the modelling when low wind speeds are excluded to when 
they are represented as 1 m/s and when it is assumed that wind direction in these 
wind speeds are from the east
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3.8.4 Conclusions
The results of this work indicate that low wind speeds may well have a significant 
impact upon the predicted concentrations of the passive tracer. This work has 
highlighted the uncertainty that exists regarding exactly what happens at low wind 
speeds. Low wind speeds that occur at the site could well have a significant impact 
upon exposure assessment and, therefore, also affect the results of the reanalysis of 
the epidemiological data. There has been some work done trying to develop 
dispersion models, which can be used to represent what is happening at low wind 
speeds (National Radiological Protection Board, 1999). Low wind speeds need to be 
highlighted as an important area where further research is needed. Previous research 
suggested that in Great Britain calm conditions would mostly affect short-term 
exposures, for example, an accidental release of a hazardous chemical which might 
happen in calm conditions could lead to extremely high concentrations of pollutants. 
This work suggests that calm conditions could well influence the long-term 
concentrations of pollutants.
This work has shown that calm conditions are a major limitations of using Gaussian 
plume models to model atmospheric dispersion, particularly for exposure assessment. 
This is an area of research that needs to be addressed particularly for exposure 
assessment for the purposes of an epidemiological study. This work indicates that the 
fact that low wind speeds cannot be considered using gaussian plume models may 
well cause significant exposure misclassification. It is also important to note that 
these calm conditions can not be perfectly observed by meteorological stations.
3 .9  T h e  effect o f  passive tra c e r  v a r ia tio n  w ith in  postcodes an d  th e  effect upon
exposure m isclassification
Most environmental epidemiological studies in the UK around environmental hazards 
use postcoded health and population data) (Elliott et al, 2001). There may be 
significant pollution variations within postcodes from a ground level pollutant source.
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The effect that this might have upon exposure assessment around the Parkwood 
landfill is further examined. Exposure assessment around the landfill was redone not 
using postcodes, but the Ordnance Survey (OS) product Address-Point ®. This is a 
dataset, which has the location of all postal addresses in Great Britain. Using this 
dataset the exposures for each address were estimated by joining the Address-Point ® 
dataset to the modelled pollution data set, thus enabling each address to have a 
pollution value. This allowed the pollution value at each address to be estimated. This 
allowed for an estimation of the spread of the pollution values in each postcode.
Using Pivot tables in Microsoft Excel it was possible to get the maximum and 
minimum pollution values of addresses at each postcode. Exposure variation within 
postcodes was estimated by calculating an Index of Agreement (10 A) for exposure 
values at each postcode by dividing the maximum concentration at a postcode by the 
minimum concentration at the postcode. This gives an idea of intra-postcode 
exposure variation, whereby the greater the lOA the greater the exposure variation (1 
would represent no exposure variation).
Using the same approach, an analysis was conducted to determine the difference 
between the distances between place of residence and the landfill site centre and 
postcode centroid and the centre of the landfill. This should give an indication of the 
exposure variations within postcodes when distance from site to place of residence is 
used as a proxy for exposure and provide an interesting comparison with exposure 
variations within postcodes when dispersion modelling is used for exposure 
assessment.
3.9 .1  E xpo su re  v a r ia tio n  w ith in  postcodes
Figure 31 shows a graph illustrating predicted modelled exposure variation within 
postcodes. The vast majority of modelled exposures at postcodes varied by a factor of 
less than 1.5, however, there are some postcodes where the estimated exposure varied 
by a factor of more than 1.5. As shown in figure 31, this was the case at very few 
postcodes (approximately 3 %). For environmental epidemiology, using population
115
and health data from as small a geographical area as possible should be preferable. 
This work suggests that using data at postcode level will cause some exposure 
misclassification, particularly for larger geographic postcodes close to the landfill site 
(one post code had an exposure variation of a factor of 45). This effect might be 
significant; however, the scale of the other uncertainties in the exposure assessment 
also needs to be considered. Modelling uncertainties along with the fact that people 
do not spend all of their time at their place of residence might be expected to cause 
exposure misclassification which would be significantly greater than any 
uncertainties caused by exposure variation within postcodes. Also, this analysis was 
conducted in an urban area where postcodes are generally smaller geographically (as 
population densities are greater in urban areas). Exposure variation within postcodes 
might be expected to be higher in less populated areas where postcodes are larger.
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Figure 31 Exposure variation within postcodes and the percentage o f  postcodes in 
which exposures varied by different factors n = 3510 [1 represents no exposure 
variation]
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3.10  M o d e lle d  concentrations o f  the passive tra c e r  fro m  the P a rk w o o d  la n d fill  
site as a function  o f  d istance fro m  the la n d fill site
The relationship between the 2 measures of exposure distance from the landfill centre 
and the modelled concentrations of passive tracer were investigated using the spatial 
join tool in ArcMap ™. The modelled concentrations of the passive tracer were 
plotted as an event theme and then converted into a shapefile. The centre of the 
landfill site was plotted as a shapefile'® and, using the spatial Join tool in ArcMap™, 
the two shapefiles (the centre of the landfill site and the predicted concentrations of 
the passive tracer) were Joined. When Joining 2 themes, ArcMap ™ automatically
Shapefiles are the files that themes i.e. data are aetually plotted in AreMap
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calculates the distance between each pollutant output point and the centre of the 
landfill site, which is added to the shapefile as a new column in the contents table. 
This data could then be exported as text files into Microsoft Excel were it was 
possible to plot predicted concentrations against distance from the site on a graph. 
This allows for distance from site and predicted concentrations of pollution to be 
compared as different measures of exposure. The results of this for the Parkwood 
landfill site are shown in Figures 32 and 33.
Figure 32 Predicted concentrations o f the passive tracer from the landfdl site as a 
function o f distance from the centre o f the landfill
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Figure 33 Predicted concentrations o f the passive tracer from the landfill site as a 
function o f distance from the centre o f the landfill [N.B. axes are in log scale]
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The initial plateau, most clearly seen in Figure 33, is due to the fact that the landfill 
site is an area source. The analysis of concentration as a function of distance used the 
centre of the site as a starting point and the points on the plateau are therefore on the 
landfill site itself.
In order to establish a relationship between the two variables a line was drawn to 
represent the theoretical relationship between predicted long-term concentrations of 
pollutants from a ground level source in neutral conditions and distance from the 
centre of the landfill site. This theoretical line was created by using standard 
information from the literature as seen in equations 3 -5  and assuming a uniform 
wind rose with an average wind speed of 3.1 m/s (the average wind speed at the 
meteorological station) (Clarke, 2006). The predicted concentrations were normalised 
by dividing by the total emissions from the site and plotted on the same graph (shown 
in figure 34).
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Average concentration with a uniform wind rose
c  = Q Equation 3
(2 ® c) 7 ^ o-^C/
Ground level concentrations can be worked out by
Co 10 = ----------- i = ------- Equation 4
{27üc)4f^ap
«  0 1In R91 neutral conditions z
So:-
1 - 1.9
( 2 o t ) V ^ 0 .1 x ® V  2 n : .J % 0 .1 U ^  Equations
-1.9
C o / G « ( 1 . 2 7 / [ / ) %
Where C = concentration
C 0 = concentration at ground level
Q = emission rate
(Jz = average plume spread
U= average wind speed
X = distance from site
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Figure 34 The relationship between normalised modelled long term concentrations o f 
pollutants with distance from site compared to the expected values in neutral stability 
conditions
.OE-03
theory
on-site average.OE-04
.OE-05
.OE-06
.OE-07
.OE-08
1000 10000100
Distance from the centre of the landfill, x(m)
The variation from the theoretical line in figure 34 is due to the fact that the 
dispersion modelling considered terrain effects and a full range of meteorological 
data. The exponent value is as expected, since the annual average concentration, all 
else being equal, will decay as l/27ixoz(x) and 0 % typically grows as x°^. Thus 
exposure decreases very rapidly with increasing distance from the site and this 
implies that when using distance as a proxy for exposure “exposure bands” should 
not be of uniform size but, rather, of a size that decreases as the site is approached. 
Clearly, bands based on concentric rings of equal size will not reproduce the 
predicted exposure pattern. The two measures of exposure are therefore 
fundamentally different.
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Put another way, this suggests that any health effects from long-term exposure to air 
pollutants from the landfill, regardless of emission rates, will be greatest close to the 
site and fall-off rapidly with increasing distance. This is an important point, as 
previous studies that used distance as a proxy for exposure (for example, those by 
Dolk et al, 1998 and Elliott et al, 2001) assumed that individuals who were exposed 
to landfill site emissions lived 2 and 3 km away from the sites, respectively (Dolk et 
al, 1998) (Elliott, Morris, Hoogh, Hurt, Kold-Jensen, Maitland, Richardson, 
Wakefield, Jarup, & Briggs, 2001). The current work demonstrates that, at least for 
the inhalation pathway, the most highly exposed individuals around this site are those 
who live less than 1 km from the centre of the landfill. It is important to note that 
Figures 32 and 33 do not merely show the relationship between the modelling results 
and distance from the centre of the landfill site, but present a comparison of the two 
methods of exposure classification. This work shows that there is no simple 
relationship between the two. This suggests that when carrying out exposure 
assessment around a landfill site it may not be appropriate to use distance from place 
of residence to the landfill site as a proxy for exposure.
Table 3 shows a comparison of the two methods of exposure in a different manner. 
This range of concentrations of passive tracer within 1 km rings (±10 m as few 
postcodes have their centroid exactly 1 km from the landfill centre) from the landfill 
site centre is listed. This shows how predicted concentrations vary significantly over 
the rings, especially close to the site. There is also a significant amount of overlap of 
the modelled exposure values between different distances from the site. The range of 
the passive tracer values from 990 to 1010 m is 39 -  160 pg /m^, while the range at 
1990 to 2010 m is between 6 -  70 pg /m ,^ suggesting that using distance as a proxy 
for exposure may cause some exposure misclassification.
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Table 3 Variation o f concentrations o f the passive tracer at distance from the landfill
Distance from 
landfill site centre 
m
Minimum value 
pg/m^
Average value 
pg /m^
Maximum value 
pg /m^
990 to 1010 39 94 160
1990 to 2010 6 26 70
2990 to 3010 3 13 37
3990 to 4010 2 11 18
3.11 Examining the effect of predicting different percentile concentrations
around the landfill site
Concentrations were predicted at 10 percentile intervals (i.e. 10, 20, 30, 40, 50, 60, 
70, 80, 90 and 100 percentile) at four different locations around the landfill site to 
give an idea of the possible distribution of pollutants in different meteorological 
conditions and consider how sensitive the dispersion modelling output is to extreme 
conditions. The four points where the output was predicted were at the landfill site 
boundary, one to the north, one to the east, one to the south and one to the west of the 
site (see figure 35). The results (as shown in figure 36) indicated that there is a very 
large difference between the 90 % ile and the 100 % ile values. To describe the 
distribution between the 90 % ile and the 100 % ile, it was decided to run the model 
predicting all the percentiles (at intervals of 1) between 90 and 100 %. This showed 
that there was a large difference between the 99 % ile and the 100% ile (see figure 
37).
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Figure 35 Location of the points where different percentile values o f the passive
tracer were predicted © Crown copyright. All rights reserved. Health Protection
Agency, 100016969, [2006].
MATERIAL REDACTED AT REQUEST OF UNIVERSITY
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Figure 36 Output from ADMS at different percentile values at four different location
around the site
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Figure 37 Output from ADMS at percentile values between 90 and 99% at four
different location around the site
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Predicted concentrations of the passive tracer are clearly very sensitive to extremes in 
weather conditions. For all of the locations, the maximum concentration of the 
passive tracer is much higher than the 99 percentile value. This shows that 
meteorological conditions for 1 % of the time cause much higher concentrations than 
meteorological conditions for the other 99 % of the time. This suggests that although 
in the long term concentrations of pollutants emitted from the site might cause low 
average exposures, short term exposures may still be much higher. This also has 
implications for environmental monitoring around the site, as there is a significant 
probability at any given time that the monitored concentrations of pollutants will be 
relatively low, whereas the higher concentrations which occur very infrequently are ' 
less likely to be recorded. This may be important as the vast majority of risk 
assessments of these sites only look at long term average concentrations (Department 
for Environment Food and Rural Affairs, 2004).
3.12 The effect that using distance as a proxy would have upon exposure
misclassification
Section 3.10 shows that there is not a simple relationship between the two measures 
of exposure, distance from place of residence to the landfill site centre and modelled 
relative exposure. To further investigate the impact of the possible exposure 
misclassification caused by using distance as a proxy for exposure, the population 
around Parkwood landfill site was divided into different exposure groups using the 
two measures of exposure. This is not a straightforward task, as the exposures to any 
specific chemical were not estimated; rather the relative exposure to atmospheric 
pollutants from the landfill site was determined. This does not, however, provide 
natural breaks in the data, where it is possible to determine exposure bands. This 
might be the case if modelling a real pollutant (provided it is a threshold chemical i.e. 
there is a safe dose). In this case the exposed population might be the population 
whose exposure was greater than the No Observed Adverse Effects Level (NOAEL) 
and the unexposed population would be the population exposed to concentrations of 
pollutants below the NOAEL. Taking such an approach is clearly not valid when 
modelling a passive tracer and considering a mixture of chemicals, some of which
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may not have adequate toxicological data. As such, the decision about how to divide 
the population into modelled pollution exposure bands must be made on different 
criteria.
The exposure bands were defined by dividing the pollution concentrations into 4 
equal interval bands. A similar approach has been carried out for other exposure 
assessment studies which have grouped individuals into exposure bands (Cyrys et a l, 
2005). This means it was possible to determine the sensitivity and specificity of using 
distance as a proxy for exposure, assuming that the modelled concentrations 
correspond to the ‘gold standard’ or the true exposure. Sensitivity refers to the 
probability of correctly classifying a truly exposed person as exposed; whereas 
specificity refers to the probability of correctly classifying a truly unexposed person 
as unexposed (Armstrong, 2003).
3.12.1 Estimating populations in exposure bands when distance is used as a 
proxy for exposure
Population data at postcode level were obtained from the Office of National Statistics 
(ONS) 2001 census data and this was linked to postcode (Code Point with Polygon ® 
data set) from Ordnance Survey. The population was divided into 4 exposure bands 
using concentric circles as shown in figure 11. Each of the concentric circles were 
shapefiles, therefore, it was possible to select all address point centroids in each 
exposure band, using the ‘select by location’ function in ArcMap ™. This selected 
data was then exported into Microsoft Excel were it was possible to add up the 
populations in each exposure band.
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Table 4 Total number o f people in each exposure band using distance (concentric 
circles) as a proxy for exposure N.B. there were no postcodes exactly 1000,2000 or 
3000 m from the centre of the landfill
Distance as exposure definition 
(m)
Number of persons in exposure band
0-1000 5209
1000-2000 51923
2000-3000 71948
3000 - 4000 70490
Total 199570
3.12.2 Estimating exposure misclassification
Postcoded population data were linked to the modelled exposure data using ArcMap 
™. This data was then exported into Microsoft Excel. To group individuals into 
exposure bands, the pollution data were divided into four equal intervals. Exposure 
boundary intervals were determined by dividing the maximum concentration that 
occurred at any postcode by four. The maximum concentration was 1971 pg/m^, 
therefore, the exposure bands were divided by intervals of 493 pg /m  ^(-1971/4).
Band 1 was those addresses where the modelled concentrations of passive tracer 
ranged from 1479pg /m  ^to 1971pg/m^, band 2 was postcodes with concentration of 
987 pg/m^ to 1479 pg/m^, band 3 was postcodes with concentration of 495 pg/m^ to 
987 pg/m^ and band 4 had concentrations of 2 pg/m^ to 495 pg/m^. These data were 
then sorted by the modelled relative exposure values, allowing the number of people 
living in each of the exposure bands to be calculated.
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Table 5 Number o f persons in each exposure band using the different estimates o f 
exposure
Exposure Bands Number of persons in 
exposure band using 
distance (concentric 
circles) as a proxy for 
exposure
Number of persons 
in exposure band 
using modelled 
concentrations as a 
proxy for exposure
1 5209 118
2 51923 0
3 71948 95
4 70490 199452
Total 199570 199570
Table 5, shows that there is not a good agreement between the two measures of 
exposure. Assuming that the atmospheric dispersion modelling is correct, using 
distance as a proxy for exposure tends to overestimate the number of people who are 
exposed. The highest long term exposures occur very close downwind. Assuming, 
therefore, that the entire 1 km concentric circle around the landfill site is the highly 
exposed areas is not correct. On the other hand, this work shows that it is more 
reasonable to assume that persons living in the concentric circle 4 km from the 
landfill site centre would be expected to be exposed to much lower concentrations of 
atmospheric pollutants from the landfill site than those living close by.
3.12.3 Estimating the sensitivity and specificity of the exposure measures when 
estimating exposure as a dichotomous measure
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In order to estimate what impact exposure misclassification caused by using distance 
as a proxy for exposure might have upon the analysis of the epidemiological data, the 
sensitivity and specificity of the exposure measurements were calculated. To do this 
both exposure measures were described in a dichotomous fashion, whereby exposure 
bands 1 and 2 were classed as the exposed group and exposure bands 3 and 4 were 
the unexposed group. The results are shown in table 6. These figures allow for the 
sensitivity and specificity of the initial measure of exposure to be worked out, if it is 
assumed that the modelled concentrations of the passive tracer represent the true 
exposure to atmospheric pollutants.
Table 6 Numbers exposed when using different measures o f exposure, when modelled 
exposures were divided into equal groups
Exposure status Number of persons in exposure 
band using distance (concentric 
circles) as a proxy for exposure
Number of persons in 
exposure band using 
modelled concentrations 
as a proxy for exposure
Exposed 57132 118
Unexposed 142438 199452
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Table 7 Exposure misclassification around the Parkwood landfill site using distance 
as a proxy for exposure, when exposure is described as a dichotomous variable
According to “true” or modelled exposure
Exposed n (%) Unexposed n (%)
According to
proxy
exposure
variable
(distance)
Exposed 118(100%) 57014 (29 %)
Unexposed 0(0% ) 142438 (71%)
Total 118 199452
Table 7 shows how the sensitivity is 100 % and the specificity is 71 %. When using 
distance as a proxy for exposure the probability of misclassifying an exposed subject 
as non-exposed is 1 -1 = 0 and the probability of misclassifying a non-exposed 
subject as exposed is 1 -  0.79 = 0.29. This means that assuming the atmospheric 
dispersion modelling is correct, by using distance as a proxy for exposure there is no 
chance that truly exposed people will be classified as unexposed; however, there is a 
significant chance that truly unexposed people may be classified as exposed to 
atmospheric emissions from the site.
3.12.5 Conclusion
It is difficult to group the modelled pollution data into exposure bands. This is an 
unfortunate difficulty caused by the fact that there are a huge number of chemicals 
released from landfill sites and there is not good quality emission data available. For 
the purpose of this analysis comparing different estimates of exposure, it is, however, 
possible to group the population into different exposure bands using the approach 
outlined in section 3.12.4. This gives some idea of the likely effects of exposure 
misclassification. This indicates that using distance as a proxy for exposure could 
result in significant exposure misclassification and may impact upon the results of an 
epidemiological study. Using distance as a proxy for exposure does correctly classify
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some individuals. This is hardly surprising as distance from the site would always be 
expected to be correlated with concentrations of pollutants. These conclusions, 
however, assume that the atmospheric dispersion modelling correctly represents the 
true exposure. This may not be the case, for a number of reasons. Firstly there are 
uncertainties and limitations associated with the atmospheric dispersion modelling. 
Also there are many exposure pathways around landfill sites and although the main 
route of exposure around this site was thought to be the air pathway, other routes of 
exposure may also be relevant. In conclusion, this work suggests that using distance 
as a proxy for atmospheric emissions from landfill sites may cause some exposure 
misclassification.
3.13 Results of the epidemiological study using the refined estimates of exposure
assessment
Logistic regression modelling was used by the Sheffield Health Informatics Service 
for a reanalysis of the epidemiological data. This was a similar approach to the 
original analysis of the data which used distance from the landfill to the place of 
residence as a proxy for exposure. The following variables were entered into the 
model, distance from the landfill, modelled relative exposure, age, sex, smoking, 
whether economically active, whether ever exposed in the workplace to dust, whether 
ever exposed in the workplace to extreme hot or cold temperatures, whether ever 
exposed in the workplace to fumes or chemicals, whether worked in industry for 
more than 1 year, and whether lived for most of life within half a mile of current 
address. The aim of the logistic regression was to find out which of these variables 
best predict whether an adverse health outcome might occur. The results of this 
statistical analysis showed that the modelled relative exposure was not a significant 
predictor for the majority of adverse health outcomes. In the majority of adverse 
health outcomes, distance from site to place of residence is a better predictor of 
adverse health outcomes than the modelled relative exposure, apart from nasal 
irritation.
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One possible interpretation of the results is that they show that there is no relationship 
between the modelled relative exposure and adverse health outcomes (apart from 
nasal irritation) around the site and that the observed higher rates of self reported 
adverse health effects closer to the site were caused by reporting or recall bias. This 
may not necessarily be the case for a number of reasons. Firstly there are known to be 
some uncertainties associated with the atmospheric dispersion modelling and 
although every care was taken to model the landfill site as best as possible, there still 
will be substantial uncertainties. Also, there are all the other problems typically 
associated with environmental epidemiological studies, such as bias, confounding 
factors and the effect of other sources of pollution. People can also be exposed to 
landfill sites by several different pathways (see figure 38). This analysis only 
considered one. In order to say definitely what effect the landfill site has upon health 
it is necessary for exposure from the landfill site to be estimated via all the relevant 
pathways (Dolk, 2002).
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Figure 38 Exposure pathways around landfill sites (Upton, Kneip, & Topliff, 1989)
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4. Assessing the risks of the atmospheric emissions from the Parkwood
landfill site upon health
4.1 Introduction
After estimating the relative exposure at the Parkwood landfill site it was 
possible to manipulate the results of the dispersion modelling to carry out a 
health risk assessment. This risk assessment was aimed at assessing the health 
risks posed by atmospheric pollution from the site. The “patterns” of pollution 
from the site are the same irrespective of the emission rates and it was 
assumed that all pollutants from the site behave in the same way in the 
atmosphere. Therefore, all that needs to be done to estimate the actual 
pollution concentrations is to factor the relative exposure values so that they 
take into account the different emission rates determined from emission data 
or from the ambient air quality monitoring (considering background levels of 
pollution in a similar fashion to the approach outlined in section 3.6.1). This 
makes the assumption that all pollutants move in a similar pattern from the 
site. The predicted concentrations of pollutants can then be compared to UK 
air quality standards or Environmental Assessment Levels (EALs) 
(Environment Agency, Environment and Heritage Service, & Scottish 
Environmental Protection Agency, 2002).
Two approaches were used to estimate pollutant concentrations around the 
site:
1. Using the emission rates monitored on the landfill surface by the flux 
tent technique to estimate the concentrations of pollutants. Emission data are 
used to predict concentrations across the site.
2. Using ambient air quality data from the landfill site and locations close 
to the site. This approach uses monitored concentrations and the output from
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the atmospheric dispersion modelling with a proxy emission rate, to predict 
the environmental concentrations of pollution, off site.
4.2 Modelling atmospheric pollution from the site using the results of the 
flux tent monitoring to estimate the emission rates
Monitoring emissions of Volatile Organic Compounds (YOG) from the 
surface of the landfill took place on the 14‘^  and 15* of March 2002 and again 
on the 27* of March 2002. This was carried out by an environmental 
consultancy firm on behalf of the waste management company and the results 
were shared with the Environment Agency and the Health Protection Agency 
(HPA). Emission rates change over time and also with atmospheric 
conditions, for example, atmospheric pressure. Having environmental 
monitoring data for just two time periods is far from ideal. However, these are 
the only available data. Ideally there would be long term monitoring available 
both on and around the site.
This approach estimates worst-case concentrations around the site using the 
highest emission rates of VOCs monitored by the flux tent. This assumes that 
the landfill constantly emits the same amount of each chemical over the entire 
surface of the landfill site. This would be expected to be a conservative 
estimate as the flux tents were specifically placed at locations where there 
were thought to be high emissions of landfill gas. Monitoring was carried out 
at two locations on the site and the highest value was used to represent 
emissions from the entire surface of the site. The results were compared with 
concentrations monitored in ambient air directly above the landfill site to 
establish the accuracy of modelling using this method. Table 8 shows the 
emission rates that were used in the calculation of the concentrations of 
pollutants around the site.
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Table 8 The highest recorded emission rates o f chemicals from the Parkwood 
landfill site on the and 75* March 2002 monitored using a flux tent
Chemical VOC emission rate g/s/m^
Methylcyclohexane 3.18x10'"
Benzene 3.34x10"
Ethyl benzene 2.16x10'"
m- & p-xylene 4.21 xlO'"
o-xylene 1.76x10'"
Dichloromethane 2.7x10'"
Acetone - 1.94x10'"
n-heptane 2.96x10'"
Toluene 4.4x10-'"
Chloroform 3.18x10'"
In order to estimate the concentrations around the site using the monitored 
emission data and the results of modelling the relative exposure, equation 6 
was used;
Cx = ME/PE X CP, [Equation 6]
Where:
ME = the monitored emission rate (g/sW)
PE = proxy emission rate (in this case 0.001) (g/s/m^)
CPx = modelled concentration for location x using a proxy emission rate ( 
pg/m^)
Cx = the concentration at location x predicted using the monitored emission 
rate (pg/m^)
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This calculation was undertaken in Microsoft Excel and the table was 
imported as a text (.txt) file into ArcView where it was plotted as an event 
theme.
4.2.1 Results of the risk assessment using flux tents to estimate the source 
term
The results in table 9 show that if these emission rates are used in the 
modelling, the concentrations are much lower than the relevant air quality 
standards. They are also, however, much lower than any ambient air 
concentrations monitored at the site. It is likely that current emissions from 
the site are low, although the results of the ambient air quality monitoring 
suggest that emissions are higher than those recorded by the flux tent, despite 
the fact that the highest emission rates measured in the flux tent investigation 
were assumed to prevail across the full area of the landfill. The results shown 
in table 9, suggest that flux tents significantly underestimate emissions.
139
Table 9 Highest modelled concentrations o f pollutants when flux tents were 
used to estimate emission rates compared to the highest concentrations o f 
monitored concentrations on site on the 74* and 15 o f March 2002 
(accounting for background concentrations)
Chemical Highest modelled 
concentration (pg /m )^
Highest 
monitored 
concentration 
(pg /m")
Methylcyclohexane 0.01 <0.203
Acetone 5.98 X 10^ 1.661
Benzene 1.03 X 10 " <0.203
Chloroform 9.80 X 10" <0.203
Dichloromethane 6.38 X 10-^ 2.096
Ethyl benzene 6.65 X W 2.178
m & p xylene 7.47 X 10"" 2.614
Toluene 1.35 X 10 " 4.683
The measured emission rates (from the flux tent) were then compared with 
those required to produce the monitored ambient concentrations. On the 14* 
and 15* of March 2003, the range of ambient concentrations o fm & p  xylene 
on the landfill surface, subtracted from the background concentration were 
1.59 pg/m^ and 2.61 pg/ml The monitored emission rate at the same time was 
4.21 X 10''" g/s/m^. Using equation 7 with the results of the atmospheric 
dispersion modelling and the environmental monitoring, it is possible to 
estimate what emission rates would be needed to be produce onsite 
concentrations.
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Assuming that the passive tracer had a proxy emission rate of 0.001 g/sW ; 
the modelled concentration on the surface of the landfill site close to where 
the environmental monitoring was carried out was 3100 pgW . Using 
equation 7, assuming for the purpose for this calculation that the ambient air 
concentration of m & p xylene over the landfill is 2.61 pg/m , the necessary 
emission rate can be calculated as:
E = PE/ Cm X M [Equation 7]
E = 0.001/3100 X 2.61 = 8.41 x 10'  ^g/s/m^
Where:
E = Estimated emission rate (g/s/m^)
PE = proxy emission rate (g/s/m^)
Cm = modelled concentration at the monitoring location using a proxy 
emission rate (pg/m^)
M = monitored concentration (pg/m^)
This emission rate is approximately 2000 times higher than those recorded by 
the flux tent approach. Even accounting for uncertainties associated with the 
dispersion modelling or with the environmental monitoring on site, this still 
represents a major discrepancy. This is unexpected as the flux tents were 
chosen to represent locations where there were thought to be higher emissions 
of landfill gas. This suggests that there are other locations on the landfill 
surface where there are even higher emissions of these chemicals. For
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example, the flares may not have been burning the landfill gas 100 % 
efficiently or there may have been cracks in the landfill surface. Alternatively 
there may be another source of pollution close to the site that was not picked 
up by the pollution monitoring equipment at the western boundary. Another 
explanation is that using flux tents to monitor emissions landfill surface 
emissions is unreliable. The results of this work suggest that it may not be 
appropriate to use the flux tent technique to estimate emission rates from 
landfill sites, for dispersion modelling.
4.3 Estimating concentrations of pollutants using monitored ambient air
concentrations
Concentrations of pollution were also estimated using an inverse modelling 
approach outlined in chapter 3. This can be done using the results of the 
monitoring, which were completed in 2002 using Equation 8 (after accounting 
for background concentrations by subtracting the upwind from the downwind 
values).
Cx = M/Cm X CPx [Equation 8]
Where:
Cx = the estimated concentration for location x (pg/m^)
M = monitored concentration at the ambient air monitoring location (pg/m^) 
Cm = modelled concentration at the monitoring location using a proxy 
emission rate of 0.001 ug/s/m^ (pg/m^)
CPx = modelled concentration for location x using a proxy emission rate (pg 
/m^)
To estimate the proportion of the monitored concentration that could be 
attributed to the landfill site, the concentrations upwind of the site (obtained
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from the monitoring point at the western boundary of the site as the wind was 
blowing from the west) were subtracted from the average concentration 
measured directly above the landfill site surface (adjacent to cell 2) on the 24' 
July 2002.
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Table 10 Concentrations o f chemicals monitored at the landfill site after 
subtracting background concentration
Chemical Concentration monitored at the 
andfill site thought to be 
attributable to the landfill pg/m^
n-Heptane 1.1
n-Octane 3.06
n-Nonane 1.84
n-Decane 1.99
Methylcyclohexane 0.223
Limonene 0.838
Benzene 0.267
Toluene 3.51
Ethyl benzene 2.43
o-Xylene 2.023
Propylbenzene 0.482
Ethyltoluenes 3.744
Trimethylbenzenes (total) 6.019
1,2,4-Trimethylbenzene 1.663
T etramethylbenzenes
(total) 0.073
1 -Etheny 1-4-ethylbenzene 1.21
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Using Equation 8 and the results in table 10, the concentrations of pollutants 
from the site were estimated and plotted in ArcView. The highest modelled 
concentrations are shown in table 12.
4.3.1 Results of the risk assessment when the modelling uses ambient 
monitored concentrations of pollutants
The modelled concentrations using this approach are much higher than those 
predicted using the results of the flux tent monitoring to estimate emissions. 
For example, the maximum concentration of methylcyclohexane was 45 times 
higher using ambient monitoring data and the model in an “intelligent” way 
as opposed to using the emission data flux tent studies. Similar results were 
found with other chemicals. The results of the modelling can be compared to 
the relevant Environmental Assessment Level (EAL) as shown in table 11, if 
they exist. This work made it possible to estimate what percentage the highest 
modelled concentration was of the EAL, as is shown in table 12.
" Briggs (2005) describes an intelligent interpolation model as one that interpolates data based on 
not only monitored concentrations but also proxy measures o f emissions and dispersion.
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Table 11 Environmental Assessment Levels for chemicals which were either 
MOM/roW rAg or o» rAg j:w^gg qf^ Ag
site (Environment Agency, Environment and Heritage Service, & Scottish 
Environmental Protection Agency, 2002). [long term refers to the annual 
mean concentration, whereas short term refers to the 15 minute average 
concentration]
Chemical species Long Term EAL 
p g W
Short Term 
EAL pg/m^
Acetone 18100 362000
Benzene 16.25 208
Chloroform 99 2970
Dichloromethane 700 3000
Ethylbenzene 4410 55200
Toluene 1910 8000
T rimethylbenzenes 
(all isomers or 
mixtures)
1250 37500
Xylene (o-, m-, p- or 
mixed)
4410 66200
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Table 12 The highest modelled long term concentrations o f pollutants 
expressed as percentages o f their long term EALs
Chemical
species
Highest long 
term modelled 
concentration 
(pgW )
Long
term EAL 
(pg/m^)
Highest modelled 
concentration as a 
percentage of the EAL
(%)
Benzene 0.53 16.25 3.26
Ethyl
benzene 4.85 4410 0.11
Trimethyl
benzene 12 1250 0.96
Xylene 4.03 4410 0.09
Based on the EALs, none of the pollutants at the site would be expected to 
pose a long-term risk to public health. There are a number of chemicals 
monitored at the Parkwood landfill site for which there are no EAL values 
available. It is, therefore, currently not possible to say exactly how these 
might affect health, though this could be done by comparing predicted 
concentrations of pollutants to toxicology data. This work has only considered 
the risks of long term average concentrations, however, section 3.11 shows 
short term peak concentrations may also be important. This was not done on 
this occasion as the limited monitoring indicated that short term EALs would 
not be exceeded anywhere around the site. To properly assess these risks to 
health requires long term environmental monitoring around the site so the 
impacts of short term peaks can be considered.
4.4 Estimating emission rates needed to produce off site concentrations of 
pollutants that exceed the relevant standards
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The work so far has indicated that, using the methodology employed in this 
project, it is very unlikely that the modelling will predict concentrations of 
pollutants that exceed the relevant air quality standards. The predominant 
factor driving this conclusion regarding the predicted low offsite 
concentrations seems to be the low emission rates. This raises the question of 
how high the emission rates would need to be to produce concentrations that 
might exceed long term EALs. This can be done by using Equation 7.
E = PE/ Cm X M [Equation 7]
Where:
E = estimated emission rate (g/s/m^) 
PE = proxy emission rate (g/s/m^)
Cm = modelled concentration at the monitoring location using a proxy 
emission rate (pg/m^)
M = monitored concentration (pg/m^)
Firstly the assumption will be made that the long term EAL will be exceeded 
directly outside the landfill boundaiy. A point just outside the landfill 
boundary to the east of the site in the downwind direction (434905, 389758) 
was therefore selected. With an emission rate of 0.001 g/s/m from the two 
parts of the landfill site, the modelling predicted a concentration of 
approximately 615 pg/m^. Using Equation 7 (assuming that the monitored 
concentration off site were equal to the EAL), it was then possible to estimate 
the emission rates needed from the landfill for the EALs to be exceeded 
offsite (as can be seen from below, which simply involves multiplying each 
EAL by 0.001/615). The results of this are shown in table 13.
E = PE/ Cm X M [Equation 7]
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E = 0.001/615.37 xM
Table 13 The calculated emission rates needed to produce a long term 
average concentration ofpollutants off site that would exceed the EAL
Chemical EAL
pg/m^
Emission rate 
needed to produce 
offsite EAL g/s/m^
Acetone 18100 0.03
Benzene 16.25 2.64 X 10"
Chloroform 99 1.6 x W
Dichloromethane 700 1.1x10"
Ethylbenzene 4410 4.17x10"
Toluene 1910 3.1 X 10"
Trimethylbenzenes 1250 2.03 X 10 "
Xylenes 4410 7.17x10"
These emission rates were then compared with the estimated emission rates. 
The two values for each of the chemicals are shown in table 14, as well as the 
estimated emission rates as a fraction of the emission rates needed to produce 
the EAL.
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Table 14 Estimated emission rates as a percentage o f the emission rates 
needed to produce the EAL at an off site location
Chemical Estimated 
Emissions 
on site 
g/s/m  ^(A)
Emission rate 
needed to produce 
offsite EAL g/s/m  ^
(B)
A as a
percentage
ofB
(corrected 
to 2
significant
figures)
Benzene 2 . 6 6  X 1 0 ' 2.65 X 10' 1.01
Ethylbenzene 3 .2 9x1 0 ' 4.17 X 10' 7.89x10'
Limonene 1 .44x10 ' 4.00 X 10'^ 3.6x10""
Toluene 4.21 X 10' 3.1 X 10' 1.36x10"
Trimethylbenzen
es
5.08 X 10' 2.03 X 10 ' 2 .5x10"
Xylenes 5.78 X 10" 7.17 X 10' 8.06 X 10""
Table 14 shows that the estimated atmospheric emission rates from the landfill 
are much lower than those needed to produce ambient air concentrations that 
would exceed any long term concentrations. Even after considering all the 
uncertainties, it is unlikely that current emission rates could be high enough to 
produce concentrations that would exceed long-term standards.
4.5 Examining the effects of a hypothetical landfill gas flare breaking
down on predicted concentrations of pollutants around a landfill site
Most risk assessments of atmospheric emissions from landfill sites suggest 
that if they are operated properly they are unlikely to pose a health risk 
(Department for Environment Food and Rural Affairs, 2004). Landfill gas is, 
however, difficult to manage and occasionally landfill flares may breakdown.
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This section aims to determine how a break down in the landfill gas 
management system might affect predicted concentrations around a landfill 
site. This work will use an example of a hypothetical landfill site, although, 
the lessons learned could apply to any landfill site. The work in chapter 3 
illustrated the potential importance of short-term peaks from the Parkwood 
landfill site. This work will not investigate this as there is no long term 
environmental monitoring around the Parkwood site, however, the results of 
this generic risk assessment may help in the understanding of these impacts.
Emissions were estimated using information on the estimated velocities of a 
working flare (taken from the Department of the Environment Food and Rural 
Affairs [DEFRA] review of waste management and health (Department for 
Environment Food and Rural Affairs, 2004)) and estimated concentrations of 
pollutants in landfill gas (taken from a study by Redfeam et al (2002) 
(Department for Environment Food and Rural Affairs, 2004) (Redfeam, 
Roberts, Dockerty, May, & Huisman, 2002). Emissions were estimated by 
assuming that the flare has a diameter of 1 m and an emission velocity of 4 
m/s, as shown in Equation 9.
Volume of gas released per second = tt x radius^ x emission velocity 
[Equation 9]
Volume of gas released per second = 3.14 X 0.5  ^X 4 =3.14 m /^s.
This allowed the emission rates from a landfill flare discharging landfill gas 
but not burning to be calculated on the basis of average concentrations of 
pollutants in landfill gas as shown in table 15.
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Table 15 Estimated emissions per second from a broken flare
Chemical species Estimated emission rates of pollutants 
from a non burning landfill flare (g/s)
Hydrogen sulphide 0.0029
1, 3 butadiene 0.00054
1,1,2,2
tetrachloroethane 0.0012
Methanethiol 0.0062
Benzene 0.0063
Dichloromethane 0.074
1,1 dichloroethyene 0.00057
Vinyl chloride 0.0023
Toluene 0.037
Trimethylbenzene 0.15
ADMS was run using these emission rates and worst-case meteorological 
scenarios for pollutant dispersion. By trial and error worst case meteorological 
scenarios were found to be a wind speed of 1 m/s (representing the lowest 
wind speed as possible in ADMS) and a boundary layer height from 40 m. It 
was assumed that the wind blew from the west. As the modelling was done on 
a hypothetical landfill site no buildings or terrain data were included. The 
predicted values were then compared with Environment Agency 
Environmental Assessment Levels (EALs). If these did not exist, values from 
the literature were used (Department Of Health, 2004).
4.5.1 Results
The predicted concentrations were plotted in ArcView and compared to 
EALs, these are shown in table 16 (Department of Health 2004). Some 
pollutants at certain locations were shown to exceed their EALs.
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Table 16 Comparison o f the highest predicted ambient concentrations with 
EALs
Chemical species Short term 
EAL (pg/m^)
Highest
predicted
concentration
(pg/m^)
Hydrogen sulphide 150 2.21
1,3 butadiene 1320 0.40
1,1,2,2
tetrachloroethane 0.90
Methanethiol 300 4.65
Benzene 208 4.65
Dichloromethane 3000 55.42
1,1 dichloroethyene 101000 0.42
Vinyl chloride 1851 1.76
Toluene 8000 27.94
T rimethy Ibenzene 37500 109.21
This modelling has tried to examine the effects of a flare breakdown in the 
least favourable meteorological conditions for the dispersion of pollution. It 
was not, however, possible to have a worst-case scenario, as ADMS like all 
other Gaussian plume dispersion models, cannot account for wind speeds less 
than 1 m/s.
This work suggests that even a breakdown in a landfill flare would not cause 
concentrations of pollutants offsite that could potentially adversely affect 
human health. The major uncertainty in this work, however, is the fact that 
generic emission factors were used, which may not be appropriate as landfill 
sites emissions are known to be extremely variable between sites.
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4.6 Estimating retrospective exposure
4.6.1 Introduction
The current health risks from long term average concentrations of atmospheric 
pollutants around the Parkwood landfill site appear to be low. Regulation of 
waste management sites is, however, much more stringent nowadays than it 
was in the past. This means that exposure to pollutants from this landfill site 
may have been higher in the past, leading to more risks to health. This is 
particularly important for cancers, as they have a long latency period of up to 
40 years. For other health effects, such as congenital anomalies or self- 
reported health symptoms, the exposure period of interest would be the 9 
months prior to birth or the past 10 years. In these cases, there are some 
monitoring data available, which should be used alongside atmospheric 
dispersion modelling to help determine exposure. This work aims to 
investigate the plausibility of estimating retrospective exposure.
In order to predict the cumulative concentrations of pollutants, various data 
are needed. ADMS uses terrain, meteorological and emissions data to predict 
concentrations of pollutants. It is safe to assume that, since the 1960s, the 
terrain in the surrounding area has not changed significantly. While 
meteorological conditions change over time, given the uncertainties that exist 
about the modelling, it would be reasonable to assume that the meteorological 
conditions will remain approximately the same over a 40-year period. The 
only variable that would be expected to change significantly would be the 
emissions.
Emission data should ideally be obtained from environmental monitoring; 
however, such data are not available for the Parkwood site. Emission 
estimates were therefore made using the mathematical model Landfill Gas
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Emissions Model (LandGEM) which is capable of estimating landfill gas 
generation from information about the landfill site. This model was created by 
the United States Environmental Protection Agency (USEPA) (United States 
Environmental Protection Agency, 2005).
4.6.2 Methods
The Integrated Pollution Prevention and Control (IPPC) application for the 
Parkwood landfill site contains historical information about operations on the 
site. The entire site has been used to dump inert waste since the 1920s, while 
only two parts of the site have been used for the disposal of non-inert waste. 
The first non-inert waste was dumped at the western side of the landfill site in 
1968 by Sheffield City Council. The IPPC application for the site states that 
the acceptance rate for the site was approximately 58,000 tonnes of waste per 
year every year until 1990 (SLR, 2003). Emissions of gases were estimated 
using a conservative modelling option. This work assumed that all the landfill 
gas generated at the site is emitted through the landfill’s surface. This 
assumption may be an overestimate, because in old, poorly managed landfill 
sites there would be expected to be lateral migration of landfill gas.
The part of the site currently operated by Viridor has been receiving waste 
since 1990 and acceptance rates from this part of the site are included in the 
IPPC application. The estimation of landfill gas production from this part of 
the site was done using the same methodology as was used for the older part 
of the site. The pollutants that were predicted were those that were on the 
Environment Agency’s list of priority pollutants to be monitored around 
landfill sites and those that the LandGem model predicted (Environment 
Agency, 2002). The following gases/vapours were predicted:
• 1,1 dichloroethene
• carbon disulphide
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• hydrogen sulphide
• trichloroethane
• 1,1-dichloroethane
• benzene
• dimethyl sulphide
• mercury
• vinyl chloride
The estimated annual generation for these gases/vapours were all predicted in 
LandGem. Figure 39 shows an example of the predicted concentrations of 
benzene.
155
Figure 39 Projected benzene emissions from the part of the site previously
operated by Sheffield City Council
1980
The estimated emission rates for the first year of each decade from 1970 
onwards were taken to be representative of emissions for that decade. These 
emission rates were converted from mg/year to g/sW  (accounting for the area of 
the landfill site) and then used as input data for the ADMS model (see tables 17 
and 18). The other parameters for the dispersion modelling (terrain and 
meteorology) were all kept the same as those used for the modelling of the 
relative exposures, described in chapter 3.
4.6.3 Estimated emission rates
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For the purposes of this exercise the exposures which occurred at the beginning 
of each decade were then multiplied by 10 to represent exposures over the entire 
decade (four in the case of the decade to 2004). This represents the exposure 
period of interest for cancers.
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Table 17 Estimated emission rates of pollutants from that part o f the landfill site
operated by Sheffield City Council
Pollutant
1970
g/s/m^
1980
g/s/m^
1990
g/sW
2000
g/s/m^
1,1 dichloroethene 1.92E-09 9.10E-09 L35E-08 8.78E-09
Carbon disulphide 4.37E-09 2.07E-08 3.06E-08 2.00E-08
Dimethyl sulphide 4.81E-08 2.28E-07 3.37E-07 2.20E-07
Mercury 5.02E-12 2.38E-11 3.52E-11 2.30E-11
Vinyl chloride 4.54E-08 2.15E-07 3.18E-07 2.08E-07
Benzene 8.58E-08 4.07E-07 6.01E-07 3.93E-07
1,1 dichloroethane 2.30E-08 1.09E-07 L61E-07 1.05E-07
Hydrogen sulphide 1.20E-07 5.68E-07 8.39E-07 5.48E-07
Trichloroethene 3.67E-08 L74E-07 2.57E-07 1.68E-07
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Table 18 Estimated emission rates o f pollutants from the part o f the landfill site 
currently operated by Viridor
Chemical
missions (g/sW )
1,1
dichloroethene 9.21E-09
Benzene 7.09E-08
Carbon
disulphide 2.10E-08
1,1
dichloroethane 1.93E-08
Dimethyl
sulphide 2.31E-07
Mercury 2.41E-11
Hydrogen
sulphide 5.75E-07 .
Trichloroethane 3.04E-08
Vinyl chloride 2.18E-07
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The results shown in appendix G, demonstrate that, based on this work, emission 
rates would be very low and as a result cumulative exposure would be expected to 
be low. This work is subject to a large number of uncertainties. One of the 
greatest uncertainties is the lack of accurate data on emission rates over time and 
across the site. The results of this methodology appear to be incorrect, as 
monitored ambient concentrations are much higher than those predicted using the 
LandGEM model suggesting that for this landfill site based on the available 
information the use of these types of models is inappropriate for estimating 
exposure to atmospheric emissions.
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5. Newhaven Case Study
5.1 Introduction
Incineration is the second most common method of waste disposal in the UK, after 
landfill, despite the fact that the total percentage of waste incinerated is currently 
quite small (approximately 5%) (Williams, 1998). This figure is likely to rise in 
the future as the government attempts to meet the targets set by the EU Landfill 
Directive (1999). This requires a significant reduction in the volume of waste 
going to landfill. The theory behind incineration is that waste is burned to reduce 
the total volume of solid waste to a much smaller volume of ash, which can 
subsequently be sent to a landfill site. The heat generated by incineration can be 
used to produce energy, thereby reducing consumption of fossil fuels and 
decreasing greenhouse gas emissions (by offsetting carbon dioxide emissions from 
fossil fuel combustion).
Exposure to incinerator pollutants is assessed in exactly the same way as exposure 
to any other environmental hazard, using the source, pathway and receptor model. 
Like landfill sites, incinerators also have several other exposure pathways (for 
example, through the food chain). Exposure pathways other than air are rarely 
considered in epidemiological, risk assessment or surveillance studies (Royal 
Society, 2004). It is important to note that when studying exposure from 
incineration that incinerator ash also needs to be considered.
Atmospheric emissions of pollutants from incinerators were much higher in the 
past than today (Williams, 1998). There are a range of different technologies 
which can be used to clean up the emissions, each of which is effective at 
removing different types of pollution. Despite the fact that incinerator pollution 
control mechanisms working to specification should be extremely effective, there 
are still some emissions of atmospheric pollutants from incinerators.
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5.2 Bacl^round to the proposed Newhaven Incinerator
CHaPD (L) has supported local public health professionals in assessing the 
potential health effects of a proposed new incinerator at Newhaven in East Sussex. 
The reason that the incinerator is being built is because the local authority needs to 
divert waste away from landfill under the EU Landfill Directive and, therefore, it 
must find another method of dealing with the waste. It considers incineration along 
with a Material Recycling Facility (MRF), the most practical options. The 
incinerator is expected to bum between 160,000 and 200,000 tonnes of waste per 
year.
The local authority plans to build the incinerator in the North Quay site in 
Newhaven. This is an area which already has a large number of smaller industries, 
for example, scrap metal works and asphalt manufacturers. The area is 
economically deprived by UK standards and according to local health 
professionals already has relatively poor public health. There is concern that the 
siting of the incinerator in this area could further compromise public health. Local 
public health professionals have identified a number of issues that they feel will 
have an important impact upon the community’s health, including not only 
emissions from the incinerator, itself, but also traffic pollution caused by the extra 
Heavy Goods Vehicles (HGVs) going to and from the incinerator, as well as the 
extra likelihood of traffic accidents in the area. These risks .are assessed in this 
chapter.
5.3 Methods
5.3.1 Dispersion modelling of atmospheric pollutants from the incinerator 
stack
Dispersion modelling of atmospheric pollutants from the incinerator was carried 
out using ADMS 3.1 (Atmospheric Dispersion Modelling System) (Carruthers et
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al, 1994). The emissions data for the dispersion modelling came from a recent UK 
Department for the Environment Food and Rural Affairs (Defra) review of 
emissions from waste management processes (Department for Environment Food 
and Rural Affairs, 2004). The incinerator was assumed to be 76 m high, have a 
diameter of 1.77 m, a release velocity of 24 m/s and an emission temperature of 
161 °C (Department for Environment Food and Rural Affairs, 2004). 
Meteorological data came from a nearby site about 0.5 km away on the cliffs to the 
west of the town; however, there was only four months of data available and it did 
not contain all of the necessaiy variables needed for the modelling. It was still 
nevertheless, deemed to be the most representative data available, because of the 
likely effect of the coastline and other terrain features on the local meteorology at 
the site of the proposed incinerator. Sensitivity analyses were carried out to 
examine the potential impact that an incomplete meteorological data set might 
have upon modelled results. Local topographical data were also included in the 
model, as the site is located close to the South Downs, an area that is relatively 
hilly. The ADMS chemistry module was used to account for the conversion of 
Nitrogen Dioxide (NO2) to Nitric Oxide (NO) and Ozone (O 3 )  in daylight.
Average background concentrations of these pollutants were obtained from 
environmental health department of the local authority. After discussion with a 
local health professional, the pollutants were predicted for the area within 2.5 km 
from the incinerator.
The output from this dispersion modelling was mapped in ArcView ™ and was 
then linked to population data at postcode level. This data came from the latest UK 
census in 2001. Using dose response coefficients, health risks were estimated. 
Cancer risks were estimated using World Health Organisation (WHO) cancer unit 
risk values. These estimate the likelihood of extra cancers occurring due to a long­
term (70 year) exposure to a certain amount of a chemical. This means that by 
knowing the number of people who are exposed to a certain concentration of the 
chemical it is possible to estimate the extra number of cancers resulting from the 
exposure using equations 10 and 11.
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For each location;
C X U = R [Equation 10]
R X P = E [Equation 11]
Therefore the total extra cancer risk from the incinerator = SR 
Therefore the total number of extra cancers estimated to be caused by the 
incinerator = EE
Where
C = Predicted concentration of pollutant at a location (pg/m^) 
U = Cancer risk per pg W  
P = Population present at that location 
R = Extra cancer risk 
E = Extra cancers
Extra hospital admissions for cardiovascular and respiratory health effects, as well 
as deaths brought forward were also estimated using coefficients developed by the 
Committee on the Medical Effects of Air Pollution (COMEAP). These coefficients 
estimate the extra percentage of these adverse health effects that can be expected 
for a given exposure to certain air pollutants. By knowing the population numbers 
exposed to certain concentrations of pollutants it is possible to use these 
coefficients to estimate the total number of adverse health effects in a similar 
fashion to the cancer risk assessment. This used approaches employed by others 
for similar studies (Basham, 2001) (Committee on the Medical Effects of Air
164
Pollutants, 1998) (Committee on the Medical Effects of Air Pollutants, 2000) 
(Committee on the Medical Effects of Air Pollutants, 2001).
Table 19 The chemicals modelled from the incinerator stack emissions and their 
associated health effects
Chemical Health effect estimated
Arsenic Cancer
Cadmium Cancer
Dioxins Cancer
Nickel Cancer
Oxides of nitrogen Extra respiratory hospital admissions.
Particulate matter Extra respiratory hospital admissions, extra 
cardiovascular hospital admissions, deaths brought 
forward
Sulphur dioxide Extra respiratory hospital admissions, deaths brought 
forward
5.3.2 Estimating the impact of an incinerator breakdown
While there is some concern about the potential adverse health impacts of chronic 
exposure to air pollutants from incinerators, there are also concerns about the 
potential effects of a short-term breakdown of the incinerator’s emission control 
plant (while the incinerator keeps emitting pollution) on the community’s health. 
The potential impact that this might have upon air quality was estimated by using 
emission data from a documented incinerator breakdown (The United Kingdom
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Parliament, 2001). The same meteorological and terrain data were used as in 
section 5.3.1. To estimate concentrations of pollutants in worst-case scenarios for 
pollutant dispersion, 99.9 percentile concentrations of pollutants were predicted 
around the incinerator. The modelled concentrations were then compared to air 
quality standards or Environmental Assessment Levels (EALs) to determine the 
likely risks to health.
5.3.3 Pollutant concentration variation within postcodes
The work carried out in section 3.9.1, indicates that exposure to atmospheric 
pollutants from a landfill site can vary significantly within individual postcodes. 
This risk assessment of incinerator emissions assumed that everyone who lived at 
a postcode was exposed at the level applicable to that postcode’s centroid (the 
centre of the postcode polygon). Exposures may, therefore, have been 
misclassified because predicted pollutant concentrations varied significantly within 
individual postcodes. To investigate how this might affect exposure assessment 
around the proposed incinerator, exposure variation within postcodes was 
calculated by modelling emissions of a passive tracer emitted from the incinerator 
using ADMS. The results were then plotted in ArcView ™, along with postcode 
polygons that were subsequently obtained from the Ordnance Survey dataset. Code 
Point with Polygons, and plotted in ArcView The two datasets were then 
joined together (using a spatial join) so that each pollution output value was linked 
to the postcode that it occurred in. The data were sorted by postcode using a pivot 
table in Microsoft Excel and variations in predicted concentrations within the 
geographical area of each postcode were calculated.
5.3.4 Predicted concentrations as a function of distance from the incinerator
In an attempt to understand the relationship between predicted concentrations of a 
passive tracer (which acts as a proxy for all pollutants) and distance from the 
incinerator, data were plotted on a scatter graph using the methods outlined in 
section 3.10. The results are shown in figure 42.
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5.4 Modelling exposure to emissions from the extra traffic pollution and 
estimating the associated extra risks to health
Increased traffic caused by vehicles moving to and from the incinerator will result 
in increased air pollution. Therefore, the likely emissions of particulate matter less 
than 10 pm in diameter (PMio) and nitrogen dioxide (NO2) from Heavy Goods 
Vehicles (HGVs) carrying waste were estimated, using data from the National 
Atmospheric Emission Inventory (NAEl) (AEA Technology, 2004). These data 
were then used as emission data in ADMS and the road was modelled as a volume 
source (4 metres in height and 7 metres in width), using the same meteorological 
data as before. The ADMS chemistry module was used to account for the 
conversion of nitrogen dioxide (NO2) to nitric oxide (NO) and ozone (O 3 )  in 
daylight. Average background concentrations of these pollutants were obtained 
from the environmental health department of the local authority.
Using GIS, the pollution data were linked to postcoded census population data. 
Using this data and the exposure response coefficients for nitrogen dioxide (NO2) 
and particulate matter (PMio) and sulphur dioxide (SO2) derived by COMEAP, 
estimates of the total number of extra hospital admissions for respiratory and 
cardiovascular symptoms as well as the number of deaths brought forward were 
calculated in a similar fashion to that applied to the emissions from the incinerator 
stack (Committee on the Medical Effects of Air Pollutants, 1998) (Committee on 
the Medical Effects of Air Pollutants, 2000) (Committee on the Medical Effects of 
Air Pollutants, 2001).
5.5 Excess road traffic accidents
To calculate the potential extra risks of traffic accidents, statistics were obtained 
on average UK accident rates per million vehicle kilometres for heavy goods 
vehicles (Department for Transport, 2003). To predict the likely risk of an accident
167
occurring, these accident rates were multiplied by the total length of the roads on 
which the vehicles would travel through Newhaven town, given the fact that the 
incinerator was expected to generate an extra 448 HGV movements per day.
5.6.1 Health risks from the proposed incinerator’s atmospheric emissions
As an example, results from the modelling of the long term dispersion of arsenic 
emissions from the incinerator stack are displayed in figure 40.
Figure 40 Modelled long term average concentrations o f arsenic
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MATERIAL REDACTED AT REQUEST OF UNIVERSITY
Figure 40 indicates that the expected concentrations of atmospheric pollutants 
from the incinerator would be very low. The modelling of the other pollutants
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showed a similar distribution. The cancer risk assessment estimated that the 
incinerator would be expected to produce an extra 6.38 x 10'  ^cases of cancer over 
a 70-year period. Table 20 shows the estimated annual number of hospital 
admissions for cardiovascular and respiratory conditions, as well as the extra 
number of deaths brought forward as a result of emissions of oxides of nitrogen, 
particulate matter and sulphur dioxide from the incinerator.
Table 20 The anticipated extra number o f adverse health effects per year caused 
by atmospheric emissions from the proposed incinerator stack
Health effect Anticipated annual number of events 
caused by atmospheric incinerator 
emissions from the incinerator
Cardiovascular hospital admissions 1.92x10-4
Respiratory hospital admissions 0.01
Deaths brought forward 7.14x10-4
5.6.2 The effects of an incinerator emissions control breakdown
The estimated maximum ground level concentrations of pollutants during the 
period of an incinerator emission control plant breakdown are shown in table 21. 
This indicated that, even if the incinerator broke down in the worst conditions for 
pollution dispersion, the estimated concentrations of pollutants is still 10 times 
lower than short-term UK air quality standards or EALs.
Table 21 Estimated pollutant concentrations around the proposed incinerator 
during breakdown o f incinerator emission controls compared to UK short term 
EALs
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Chemical ,
Predicted maximum 
ground level 
concentrations in worst 
case scenarios for 
pollutant dispersion (pg 
/m )^
Air quality 
standard or short 
term UK 
Environmental 
Assessment Level 
(EAL) (pg/m^)
Sulphur dioxide 30.08 267
Hydrogen chloride 30.72 800
Carbon monoxide 26.64 10000
Particulate matter 1.78 50
Oxides of nitrogen 26.23 200*
* Predicted concentrations of oxides of nitrogen were compared to the standards for 
nitrogen dioxide (which has the lowest EALs)
5.6.3 Exposure variation within postcodes
In total, there were 135 postcodes in the area of interest. Of these, 91 postcodes had 
only one pollution output value. There are two reasons for this; firstly, there is a 
relatively high population density in Newhaven, so postcode polygons cover 
relatively small areas, and secondly, the ADMS output covered an area of 
approximately 2.8 x lO^m^, meaning that the ADMS output points were relatively 
far spread out relatively far geographically. Of the remaining 44 postcodes, only 
two had the same concentrations of pollutants. The concentrations of pollutants that 
occurred at each postcode are plotted in figures 41, which shows concentration
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variations between and within these postcodes. The data have been split into four 
graphs (a-d) to make the points easier to view.
Figure 41 Variation o f pollutant concentrations within postcodes [Each point on the 
X axis represents a postcode; each bar represents a location within that postcode and 
the y axis shows the predicted concentration of the passive tracer at each location].
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These figures show that when there is more than one pollutant output point for 
every postcode, concentrations can vary significantly. This is important for 
exposure assessment as postcodes are commonly used to define the place of 
residence in health studies. This work, however, shows that there may be 
significant exposure variation within postcodes, suggesting that the use of 
postcodes to define place of residence may cause exposure misclassification. As 
noted in chapter 3, if possible, the actual place of residence should be used. This
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can be done using the Ordnance Survey’s Address Point product, which can 
geographically locate every address in Great Britain. However, for the purposes of 
the current risk assessment, this is unlikely to affect the overall results 
significantly. Reasons for this include:
1. The health risks are relatively low in the first place, so that even multiplying 
the concentrations of pollutants by ten at some postcodes would be extremely 
unlikely to result in significant estimated risk.
2. The scale of the other uncertainties associated with the risk assessment means 
that uncertainties in the exposure assessment due to postcode misclassification 
are likely to be small in comparison to other uncertainties, for example, the fact 
that people do not spend all their time in the home.
5.6.4 Predicted concentrations of a passive tracer as a function of distance 
from the incinerator
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Figure 42 Predicted concentration o f a passive tracer releasedfrom an incinerator
as a function o f distance from the source
0-, 500  1000  1500  2 0 0 0  2 5 0 0  3000
Distance from the incinerator (m)
35 0 0  4 0 0 0
Using a similar approach to that employed in section 3.10, predicted 
concentrations were plotted as a function of distance from the site. Figure 42 
shows that the highest ground level concentrations are reached at approximately 
500-1000 m and that after this the concentrations gradually fall. The rate of 
decrease in the range from 2 to 4 km is, however, slower than that of pollutants 
from a landfill site (in section 3.10). This is because the source is elevated and, 
therefore, any pollutants released are well mixed before they reach the ground.
Figure 42 shows that concentrations in most ranges, other than near the maximum 
are experienced over a wide range of distances from the source. This means that 
carrying out an epidemiological study using distance from place of residence to the 
incinerator as a proxy for exposure could potentially cause significant exposure 
misclassification. Elliott et al (1996) investigated cancer incidence near municipal 
solid waste incinerators in Great Britain and showed that there was an increased
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incidence of liver cancer within 1 km of the incinerators (Elliott et.al, 1996). The 
data in figure 42 indicates that the area within 1 km of this incinerator is subject to 
a wide range of exposures, from zero to the maximum predicted. Extensive regions 
of high exposure also occur between 1 and 2 km from the site. The results suggest 
that, when determining exposures around this incinerator, using distance as a 
proxy for exposure may not be appropriate. In addition, when carrying out health 
studies around incinerators it should be remembered that there are several possible 
exposure pathways not just dispersion of atmospheric pollutants.
5.6.5 Calculation of extra risks due to traffic accidents
The extra risks from of traffic accidents around the proposed incinerator were 
estimated based on the assumption that the vehicles travel 1.55 km through the 
town of Newhaven and that there are 448 extra HGV movements every day due to 
the incinerator. Using UK traffic accident statistics, which indicate that there are 
two fatalities, 10 serious injuries or fatalities, and 51 accidents per 100 million 
HGV kilometres in urban areas, it was possible to estimate the likely number of 
accidents expected as a result of the HGV movements. The results are shown in 
table 22.
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Table 22 Predicted extra traffic accidents per year that would occur due to the 
extra traffic going to andfrom the incinerator
Accident type Predicted annual occurrence as result 
of HGV movement
Fatalities 0.005
Serious injuries or fatalities 0.03
All accidents 0.13
5.6.6 Extra Vehicle Pollution
Table 23 shows the results of the risk assessment using the modelled traffic 
pollution data, the population data and the COMEAP coefficients of health risks. 
This indicates that although the health risks from vehicle emissions are low, they 
are still several times higher than those from the incinerator emissions (in figure 
2 ^ .
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Table 23 The estimated extra hospital admissions per year for respiratory and 
cardiovascular symptoms as well as the total number o f extra deaths brought 
forward because o f HGV pollution
Health effect Anticipated annual number of events caused 
by atmospheric incinerator emissions from 
HGVs travelling to and from the incinerator
Cardiovascular hospital 
admissions
6.04x10'"
Respiratory hospital 
admissions
0.74
Deaths brought forward 1.17x10'^
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5.7 Conclusion
This work estimating the potential for adverse health effects due to a proposed 
incinerator at Newhaven in Sussex demonstrates that, on the basis of existing data, 
risks of cancer, numbers of deaths brought forward and hospital admissions for 
respiratory and cardiovascular symptoms from operational gaseous stack emissions 
all appear to be minimal. While risks from traffic-associated harm are also low, they 
are several orders of magnitude greater. Even taking into account incinerator 
emission control plant breakdowns in worst-case scenario conditions for atmospheric 
dispersion, the expected health risks would still be expected to be low. This is not 
reflected in the regulation of incinerators or similar installations whereby, the 
potential impacts of traffic are not considered by the IPPC legislation (Chemical 
Hazards and Poisons Division, 2004). However, low long-term health risks from 
atmospheric emissions from incinerators are not unsurprising due to two factors:
1. Modem incinerators are extremely efficient. They should achieve complete 
combustion of all waste material, resulting in extremely low concentrations of 
organic pollutants such as dioxins and flirans being emitted (Department for 
Environment Food and Rural Affairs, 2004). In addition, a considerable 
percentage of the pollutants produced from incineration naturally partition into 
the bottom ash (Williams, 1998), while those that do not; are filtered by air 
pollution control equipment.
2. Incinerators have tall stacks, which disperse pollution over a wide area, meaning 
that long-term ground level concentrations from such installations are likely to be 
low.
The fact that modem incinerators when working to specification, have low 
atmospheric emission rates means that the perception of incinerators as major sources 
of atmospheric pollution may not be completely fair. By contrast, incinerator ash 
must contain high concentrations of pollutants. This means that incinerator ash may 
be an important toxicological aspect of concem related to these installations.
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Incinerator ash should be disposed of in contained landfill sites. However, there have 
been some concerns about the long-term fate of these pollutants (Hellweg, Hofstetter, 
& Hungerbiihler, 2001).
The results of this risk assessment are subject to a number of uncertainties. The two 
biggest uncertainties involve using cancer unit risk values and COMEAP coefficients 
to estimate health risk, as well as generic emission data, which may not be 
appropriate. The fact that an incomplete meteorological data set was used may have 
affected the results of the atmospheric dispersion. Sensitivity analyses, however, 
established that this would be extremely unlikely to affect estimated pollutant levels 
or the estimated health risks significantly. Predicted concentrations of pollutants and 
health risks for this scenario were similar to those predicted in other dispersion 
modelling studies around incinerators (Department for Environment Food and Rural 
Affairs, 2004).
In the UK and elsewhere, there has been much debate about the location of 
environmental hazards in close proximity to deprived or disempowered groups. In 
conjunction with this project, a local health professional used an index of multiple 
social and material deprivation to ranked local authority wards in England that 
already have municipal waste incinerators (Office of National Statistics, 2003). These 
data were analysed, using the tests for association, which demonstrated that 
residents of the 10% most deprived wards are nine times more likely to have an 
incinerator located in their ward (P<0.001). Half of all incinerators are in wards 
ranked in the 10% most deprived, 75% in wards ranked among the 20% most 
deprived, and 92% in the 36% most deprived. Newhaven Meeching, the ward in 
which the proposed incinerator would be located, ranks 1276 out of 8414 English 
wards, (1 being most deprived and 8414 being the least deprived).
An analysis of routinely collected local health data by local health professionals 
demonstrated that Newhaven residents already experience high rates of injury 
through road traffic accidents. Residents of the Newhaven Meeching ward also have
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the highest hospitalisation rate for serious injury in the Sussex Downs and Weald 
Primary Care Trust (PCT) district, at 47% higher than the national average. This is 
especially important, since child pedestrian deaths are five-times higher in social 
class V (most deprived) than social class I (least deprived) (Department of Health, 
2004). Locating the incinerator in this area may, therefore, potentially compromise 
the health of an already poor community.
This work has demonstrated that incineration may affect health in a number of ways 
and that risks from atmospheric emissions from the incinerator stack may be less than 
those from waste transportation. The impact that waste management sites may have 
upon health inequalities also needs to be considered. In this particular case, the local 
health professionals objected to the incinerator being located in Newhaven, not due to 
the health risks from atmospheric pollution but mainly because of the impact that it 
might have upon the local economy and attaching investment to the area, 
demonstrating the importance of the non toxicological aspects of waste management.
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Chapter 6. Jersey Incinerator Case Study
6.1 Introduction
This work was carried out to establish the cancer risks from the existing incinerator 
on the island of Jersey, compared to potential cancer risks if a modem incinerator was 
built at the site. Cancer risks were estimated because cancer is a serious health impact 
and, unlike other diseases, it is possible to quantify risks in relation to exposure. This 
work was carried out to help the health protection team on Jersey understand the 
cancer risks of the existing incinerator in comparison with those from a new 
incinerator and so to assist with the planning of the waste management strategy.
6.2 Dispersion modelling from the existing incinerator
6.2.1 Methods
Dispersion modelling was carried out using ADMS with the following input data: 
Meteorology
Hourly meteorological data from 1998 to 2002 were used. Variables included were 
temperature, wind speed, wind direction, precipitation and cloud cover. The 
meteorological station used to provide the data is situated at the airport, close to the 
existing incinerator site.
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Terrain
As the site is relatively flat, the effects of terrain were ignored.
Emissions
The emissions were based on the results of stack monitoring carried out in 1992. 
Pollutants that were modelled included chromium, nickel, cadmium, arsenic, mercury 
and dioxins. These were chosen because they were released from the incinerator and 
they are carcinogenic.
6.2.2 Dispersion modelling of emissions from a modern incinerator
To compare the risks of the existing incinerator to those of a modem incinerator, 
atmospheric dispersion modelling from a modem incinerator situated at the same 
location as the existing incinerator was also conducted. This was done using the same 
data as before, except that different emission factors were used. It was assumed that 
emissions would be comparable to those from other modem incinerators and 
therefore, the emissions factors used in the DEFRA Review of the Health and 
Environmental Effects of Waste Management were used (Department for 
Environment Food and Rural Affairs, 2004). The emissions were calculated by 
assuming that the incinerator bums 80 000 tonnes of waste per year, as shown in table 
24.
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Table 24 Estimated emissions from a modern incinerator on Jersey
Chemical Emissions per tonne of waste 
burned (g/t apart from were 
otherwise indicated)
Estimated emissions from the 
Jersey incinerator per second
(g/s)
Cadmium 0.3 7.6x10'^
Nickel 0.6 1.52x10""
Arsenic 0.6 1.52x10""
Dioxins 560 ng/t 1.42x10"^
6.3 Cancer risk assessment
The long-term concentrations of pollutants were predicted and then mapped in 
Arc View. These were then overlaid on a map of all the postcodes on Jersey. 
Population data were available for each postcode. This data was supplied by the 
Planning and Environment Department on Jersey and are based on census 
information from 2001. Where available, the lifetime (70 years) cancer risks of 
pollutants were taken from the Institute of Environmental Health (lEH) handbook on 
incineration (Institute for environment and health, 1997) (apart from arsenic as the 
lEH did not publish cancer risk values, therefore, the United States Environmental 
Protection Agency unit risk values were used instead) (United States Environmental 
Protection Agency, 2005). A cancer risk assessment was then conducted by using 
equation 10 and 11 and the same methodology as in chapter 5:
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For each location:
R = C X U [Equation 10]
E = R X P [Equation 11]
The total extra cancer lifetime risk from the incinerator i.e. the sum of the individual 
risks = ZR
Therefore the total number of extra cancers estimated to be caused by the incinerator 
= EE
Where
C = Predicted concentration of pollutant at a location (pg/m")
U = Cancer risk per pg/m"
P = Population present at that location 
R = Extra cancer risk 
E = Extra cancers
6.4 Results
Figures 43 to 47 show the predicted concentrations of pollutants from the existing 
Jersey incinerator. The results of the cancer risk assessments are shown in table 25.
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Figure 43 Modelled concentrations o f arsenic from the existing incinerator fpg/m )
%
•  Location of Incinerator 
Postcodes 
Arsenic ug/m3* 10E-7 
0-2.5 
2.5-3.17 
.  3.17-3.94 
.  3.94-5.12 
.  5.12-11.9
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Figure 44 Modelled concentrations o f nickel from the existing incinerator fpg/m )
e Location of Incinerator 
Postcodes 
nickel ug/m3 * 10E-7 
0 - 25 
25- 31.7 
.  31.7-39.4
.  3 9 4 - 5 1  2
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Figure 45 Modelled concentrations o f dioxins from the existing incinerator fpg/m"j
# Location of Incinerator 
Postcodes 
dioxins ug/m3* 10E-11 
0 - 1.52 
1 52-1 .93 
- 1 9 3 - 2 4
.  24 -3 . 12
. 3.12-7.26
Figure 46 Modelled concentrations o f cadmium from the existing incinerator fpg/m")
# Location of Incinerator 
Postcodes 
cadmium ug/m3* 10E-7 
0-3.87 
3 87-491
- 4.91-6.1 
.  6.1-7.93
- 7.93-18.5
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Figure 47 Modelled concentrations o f chromium from the existing incinerator 
("pg/m";
» Location of Incinerator 
Postcodes 
chromium ug/m3 * 10E-5 
0 - 1.11 
. 1 .11-2.35
. 2 .35-3 .5
. 3 .5 -5 .45
• 5.45- 8.65
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Table 25 Cancer risk assessment o f the existing Jersey incinerator
Chemical World Health Organisation 
(WHO) cancer unit risk per 
pg/m^
Estimated extra cancers 
due to emissions over a 70 
year period
arsenic * 4.3 X 10 " 3.73x10'^
cadmium 1.8x10'" 3.71 X 10'4
dioxins 6.7x10'" 5.43 X 10 "
nickel 4x10^ 5.33 X 10'4
chromium 
(assuming in 
hexavalent form)
4x10^ 7.00x10'"
Sum (S) n/a 0.083
* value taken from the United States Environment Protection Agency (United States 
Environmental Protection Agency, 2005)
These results suggest that the health risks are higher around the existing incinerator 
than would be expected around other incinerators typically found in Great Britain 
(Department for Environment Food and Rural Affairs, 2004). However, these results 
are conservative, and the main reason for the higher cancer risks is that it was 
assumed that all the chromium released from the incinerator was in its hexavalent 
form. This may not be the case, as some of the chromium may be converted to the
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less toxic trivalent form. However, because chromium rapidly changes between these 
two states in the environment, other similar risk assessments conservatively simply 
assume that all the chromium is in its hexavalent form (Department for Environment 
Food & Rural Affairs, 2002). From a health perspective, it is reassuring to note that, 
at this particular point in time, emissions of the other chemicals were similar to those 
from other incinerators in Great Britain (Department for Environment Food and Rural 
Affairs, 2004).
Atmospheric pollution emitted from a modem incinerator would have exactly the 
same predicted spatial pattern as that emitted from the existing incinerator, although 
the actual ground level concentrations of pollutants would decrease. The results of the 
risk assessment shown in table 26 demonstrate that atmospheric emissions from an 
incinerator with emission rates typical of those in Great Britain would be expected to 
pose a lower risk of cancer than the existing incinerator. The fact that chromium is 
not thought to be released from modem incinerators is a major reason why the cancer 
risks from are lower for a modem incinerator, compared with the current incinerator.
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Table 26 Estimated cancer risks from a modern incinerator on Jersey
Chemical World Health Organisation 
(WHO) cancer unit risk per 
pg/m^
Estimated extra cancers 
due to emissions over a 
70 year period
Arsenic * 4.3 X 10 " 5.73 X 10-4
Cadmium 1.8x 10‘" 3.70x10-4
Dioxins 6.7x10-" 5 3 9 x 1 0 ^
Nickel 4 x10^ 5.30x10-4
Sum n/a 1.47 X 10"
* value taken from the United States Environment Protection Agency (United States 
Environmental Protection Agency, 2005)
6.5 Conclusion
The results of this modelling indicate that the atmospheric emissions from the 
existing incinerator on Jersey would be expected to pose an extremely low risk of 
cancer. The risks are, nevertheless, higher than those predicted if the incinerator had 
similar emission rates to other incinerators in Great Britain. This is because the 
incinerator is relatively old without some of the pollution control mechanisms of 
modem incinerators. There are, however, a number of uncertainties associated with 
these risk assessments. The most important are listed below:
• Uncertainties associated with the use of cancer risk values to estimate the 
cancer risk. These do not consider the synergistic, multiplicative or 
antagonistic effects of mixtures of chemicals.
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• Uncertain emission data -  using monitoring data from just one point in time 
may not be reflective of emissions over a long time period. The monitoring 
data used was obtained in 1992, which may not reflect current emissions.
• This fails to take into account the impact on cancer risks of an incinerator 
breaking down or not working properly. In order to complete a better risk 
assessment, the modelling would need to use emission monitoring data 
obtained over a longer time period. Using the emission factors from 
incinerators in Great Britain may also not be appropriate, as the composition 
of waste may differ on Jersey.
• The effects of terrain on pollutant dispersion were not considered in this 
modelling. At the request of the health protection team on the island, a 
sensitivity analysis was carried out to examine how this might affect the 
results, by including terrain data in the modelling run. Terrain data were 
manually input into ADMS using data obtained from a 1:25000 Ordnance 
Survey Jersey map with terrain contours plotted on it. The results of this 
modelling indicated that the terrain had a very little impact upon the predicted 
concentrations of pollution and cancer risks.
Considering the results of the risk assessment and the uncertainties, there should be a 
benefit in upgrading the incinerator to make emissions more typical of those from 
other incinerators in Great Britain. While current emissions may pose a relatively 
small risk of causing cancer, lower emission rates could only reduce this risk. It 
should be noted that the only exposure pathway this risk assessment considered was 
the inhalation of atmospheric pollutants, but in actual fact there are several different 
ways in which incineration might affect health. For the metals which were modelled, 
it is unsurprising that the emission rates and associated health risks were so low, 
because when metals are burned in an incinerator, they tend to mainly partition into 
ash, a by-product of incineration. This means that the exposure pathways related to 
ash also need to be considered.
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This risk assessment did not consider the other potential health impacts effects of 
incineration, such as the risks of congenital anomalies and respiratory or 
cardiovascular disease. In addition to health risks from chemical exposures, 
incineration can also affect health by other means, including its impact upon resource 
use, energy, traffic pollution and socio-economic factors. Therefore, in making a final 
decision about waste management, all these factors need to be considered.
As there is an oil-fired power station on the island and the incinerator would generate 
electricity, it is possible to estimate the avoided emissions from this power station. 
The results are shown in table 27. It was planned to estimate the effect that electricity 
generation from waste management would have on overall exposures for people on 
the island, taking into account emissions from both the waste management process 
and the power station. An analysis using a Geographical Information System (GIS) 
would have allowed for the two exposures to be integrated. However, the local health 
protection team on Jersey did not deem this important for their purposes of assessing 
the health impacts of the incinerator, and this was therefore not done. It does, . 
however, remain an important area of work that warrants further research.
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Table 27 Avoided emissions from electricity generation i f  electricity was generated, 
from incineration on the island o f Jersey
Pollutant
Avoided
emissions
incineration
(g/tonne)
Avoided emissions in Jersey over 20 years 
from generating electricity from 
incineration at current rates of electricity 
generation (g)
Oxides of nitrogen 557 8.9x10^
Sulphur dioxide 1093 1.8x10^°
Particulate matter 81 1.3 X 10*
Benzene 0.28 4.5 X 10"
Hydrogen chloride 0.12 1.9x10"
Hydrogen fluoride 0.00008 1.3x10"
Cadmium 0.00074 1.2x10 4
Nickel 0.0157 2.5 X 10"
Arsenic 0.0041 6.6x 104
Mercury 0.0024 3.84 X 10"
Dioxins and furans 2.9x10-^ 0.464
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Chapter 7. Trento Incinerator Case Study
7.1 Introduction
The Chemical Hazards and Poisons Division (London) (CHaPD[L]) of the Health 
Protection Agency (HPA) was asked to help the Italian Observatory of Epidemiology 
in Trento design a health surveillance scheme for a new incinerator. The incinerator is 
planned to be built in the Trento region of northern Italy, in a valley on the southern 
slopes of the Alps. This area has a complex wind flow, because of the presence of 
Lake Garda and the effects of the heating and cooling of the slopes of the mountains, 
as well as the effects of the regional winds (Rampanelli & Zardi, 2002). The specific 
request from the Observatory of Epidemiology relating to this project was for advice 
about the boundaries of the exposed and unexposed populations.
7.2 Methods and recommendations
Reports were prepared on dispersion modelling of atmospheric emissions by 
engineering departments in two Italian universities: the University of Trento and the 
University of Milan. These universities used two different dispersion models: 
Industrial Source Complex (ISC) and CALPUFF. ISC is a simple dispersion model, 
whereas CALPUFF is a more complex dispersion model which is a multi-layer, 
multi-species, non-steady-state Gaussian model able to simulate the effects of space 
and time in varying meteorological conditions on pollutant transport (Bluett, Gimson, 
Fisher, Heydenrych, Freeman, & Godfrey, 2004).
The output of the dispersion modelling using the CALPUFF model indicated that the 
plume behaves differently in summer and winter (see figure 48). A closer look at the 
scale of the pollution shows a relatively slow rate of dilution of the plume. The 
modelled results show a decrease from the highest concentration to the lowest 
concentration by a factor of approximately three. The Observatory of Epidemiology 
had initially suggested using the population in the few kilometres closest to the 
incinerator as the exposed population and the population in the valley the furtherest
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away from the incinerator as the unexposed population. If the results of the 
modelling are correct, relative exposures within the valley do not vary significantly 
compared with other studies of pollution around waste management installations. For 
example, the work described in chapter 3 shows how predicted exposure around the 
Parkwood landfill site varied by a factor of over 1000. Based on the apparent low rate 
of dispersion and the considerable uncertainties regarding the dispersion modelling, it 
would be difficult to delineate exposed and unexposed areas within the first few 
kilometres from the incinerator along the valley.
Therefore, it is likely that a surveillance programme could not be designed based on 
the assumption that exposure to the incinerator varies significantly within a distance 
of five or six kilometres as had originally been planned. It was, therefore, suggested 
to the Italian Observatory of Epidemiology in Trento, that a good contrast in exposure 
of the local population would be obtained by including a population in a much wider 
area.
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Figure 48 Diffusion coefficients from an incinerator in the Trento valley (the pictures 
relate to diffusion in winter, summer and the annual average) (Universita degli Studi 
di Trento, 2004)
MATERIAL REDACTED AT REQUEST OF UNIVERSITY
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7.3 Conclusions
This case study highlights the value of using atmospheric dispersion modelling for 
exposure assessment for health surveillance studies. Atmospheric dispersion 
modelling allowed for the exposed and unexposed communities to be more accurately 
defined. This would mean that, if there were any adverse health effects from the 
incinerator they would be much more likely to be observed using the more objective 
estimate of exposure. As with epidemiological studies or risk assessment, health 
surveillance studies should use the best estimate of exposure available.
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Chapter 8. Development of a toolkit for public health professionals dealing with
waste issues
8.1 Introduction
Waste management issues pose a significant challenge to public health professionals. 
This is why one of the outputs from this project has been the development of a toolkit 
to help guide public health professionals with regards to waste issues. The finished 
toolkit is in Appendix B. This chapter aims to outline how this toolkit was developed. 
The main basis for developing this advice was the experience gained through the case 
studies outlined in chapters 3 -7. Although the research work on the case studies 
concentrated on exposure assessment, lessons about other aspects of waste 
management were learned. In addition to this the methods included, a review of 
previous landfill and incineration incidents and a review of other tools for dealing 
with chemical incidents. This provided evidence to draft a toolkit. This toolkit was 
then sent to a number of people from a variety of different professional backgrounds 
for comment. These comments were then incorporated into the final document.
8.2 Review of other tools for dealing with chemical incidents
Appendix H summarises four different tools which have been used for dealing with 
chemical indents. This found that there are a variety of different means of dealing 
with chemicals incidents. All of the tools, however, had similar themes. This includes 
conceptualising every chemical incident by looking at the sources, pathways and 
receptors. Another important aspect is that response to incidents needs to be planned 
and managed properly. This means ensuring that all the relevant agencies are 
informed and that incidents are adequately documented to ensure that any lessons 
learned can be applied to future incidents.
8.3 Review of previous landfill and incinerator incidents
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A review of previous landfill and incineration chemical incidents was conducted, 
which aimed to establish best practice for dealing with these. This review is fully 
described in appendix F. CHaPD have a chemical incident database, which contains 
information on all incidents that occurred between January 1996 and March 2005. 
The CHaPD (L) incident database was searched for all incidents that were classified 
under event type as ‘waste’ incidents. The toolkit is anticipated to be used for all 
types of waste disposal not just landfill and incineration. However, for this research 
only landfill and incineration incidents were reviewed, as there were veiy few 
incidents involving other types of waste disposal methods. Lessons learned from 
landfill and incineration incidents would also be expected to be applicable to other 
types of waste management incidents.
To allow for a structured examination of every incident, a form was created. This 
form is a series of open and closed questions and was designed to obtain information 
about the source, pathways and receptors from these incidents as well as information 
about the processes involved in managing them. As waste installations are similar to 
other chronic environmental hazards, it was decided to design the form based on one 
used for a previous survey of contaminated land incidents (Eagles, 2002). The form, 
which is shown in appendix I, was drafted and piloted on several incidents, before a 
final copy was created.
The results of the review are outlined in appendix F. The review had a number of 
important findings;
• Although the majority of incidents were appropriately dealt with, there 
appears to be room for significant improvements in how chemical incidents 
involving landfill sites and incinerators are managed.
• The review suggests that for a number of incidents appropriate exposure 
assessment was not carried out.
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• Nuisance issues, for example, odour and noise appear to act as triggers for 
concerns about more serious health issues, for example, cancers and congenital 
anomalies.
• The review suggests that a lot of these incidents were not adequately 
documented.
• There was evidence that some incident meetings did not have frilly written up 
agendas or action points.
• There were surprisingly few reports of site visits, which would normally be 
considered helpful for long-term chronic chemical incidents.
• There was no evidence to suggest that health professionals were proactively 
getting involved in waste management planning issues.
8.4 Management of a chemical incident around a waste site
The public health processional’s response to dealing with health issues around a 
waste management installation should in principle be the same as their response to 
any other type of chemical incident. Chemical incidents always needs to be visualised 
as three components, sources, pathways and receptors, as shown in figure 49. This 
linkage can be thought of as a conceptual model describing exposures from waste 
management installations. Understanding this relationship allows for the likely health 
effects of these installations to be estimated and for health professionals to decide 
what, if any action is necessary.
The guidance in the toolkit is structured in such a way as to highlight the important 
issues within the source, pathways and receptor linkage to allow for effective incident 
management. Appendix 1 of the toolkit contains more detailed information for public 
health professionals dealing with health issues at waste management sites.
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Figure 49 Source pathway receptor linkage (adapted from Eagles 2002 (Eagles, 
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Source Pathways into the 
human body
Characterise
the
contamination
Characterise the 
exposure
• nature of 
hazard
• location
• amount
• concentration
• direct
• indirect
• none
Receptors
Assess the 
significance of the 
risk
• significant
• not significant
• none
• Psychological 
effects
• Socioeconomic 
effects
When dealing with a chemical incident at a waste management installation public 
health professionals need to understand the relationship between the source, pathways 
and the people who these affect. Once this has been done, health professionals may if 
necessaiy take some action to protect the public’s health. This will usually involve 
liaising with different agencies to ensure that information is collected and action is 
taken to protect human health.
8.4.1 Source
The source of pollution is obviously an extremely important issue when dealing with 
health issues around a waste installation. Waste management installations, in
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particular landfill sites may have operated for many years as uncontrolled dumps, 
meaning that it may be difficult to determine which chemicals are being emitted from 
the site. It is, therefore, crucial that the site’s history is known. In addition, it is 
important to know exactly what type of waste the site is currently accepting. Good 
site management is crucial. Modem well managed installations operating to 
specification would be expected to emit fewer pollutants and therefore pose less risk 
to health than sites which are not as well maintained (Chemical Hazards and Poisons 
Division, 2004). The Integrated Pollution Prevention and Control (IPPC) Directive 
requires all waste management installations to operate using the Best Available 
Technology (BAT), taking a pragmatic approach of balancing operation costs with 
environmental and health protection. Health professionals need to ensure that any 
waste management installation applying for an IPPC permit uses BAT to protect 
human health.
Unfortunately in the UK there are many sources of pollution, which may exacerbate 
the pollution problems caused by waste management installations. Waste 
management processes also frequently get blamed for pollution or odour problems 
from other processes. Health professionals can address these issues by discussing 
them with the Environment Agency and the local authority.
8.4.2 Pathways
Waste management installations are complex sources of pollution, with many 
different exposure pathways, meaning that exposure assessment can be very 
complicated. One of the first things health professionals could do is to create a 
conceptual model identifying how pollution could travel from the source to the local 
population. This could be done by visiting the site, reading about the site as well as 
consulting with the relevant environmental professionals with local or expert 
knowledge. If there is a credible pathway then some form of exposure assessment 
should be carried out. This can be done by appropriate environmental monitoring or 
modelling and relating this to information about the local population. Exposure
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assessment is difficult around waste management installations and needs to be carried 
out with care. Further information on exposure assessment is included in Appendix 1 
of the toolkit.
8.4.3 Receptors
A crucial component of the conceptual model are the receptors of the pollution, the 
local population. Public health professionals often have an in depth knowledge of the 
local population in question. In particular they should try to identify if there are any 
vulnerable populations around the waste management installation. Vulnerable 
individuals might include, young or old people or those already suffering from pre­
existing diseases. For example, the presence of a nearby hospital or higher than 
average rates of respiratory illness in the local population.
A frequent request from the local communities concerned about possible adverse 
health effects around individual waste sites is for an epidemiological study. This is 
unlikely, however, to be helpful, because of problems with statistical power due to 
small populations living close to individual waste sites, problems with recall or 
reporting bias (Dolk, 2002).There are also significant problems associated with 
carrying out a health study in an area where there is thought to be increased incidence 
of adverse health effect. This is known as the Texas sharp shooter effect 
whereby clusters of disease which could be due to chance appear to be caused by 
an environmental hazard. This fact needs to be clearly communicated to the residents 
at the earliest possible stage. In these cases it may be more helpfiil to undertake a 
health risk assessment of the installation, based on exposure and toxicology data. 
Another option is to carry out a Health Impact Assessment (HIA) detailing all the 
potential impacts (either quantitatively or qualitatively) that the waste management 
site could have upon the health of the local community and then consider possible 
mitigation measures.
The term refers to the story of a Texas sharpshooter who shoots holes in the side o f a bam and then 
draws a bull's-eye around the bullet holes.
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A lot of local communities frustration can be caused by feeling left out of the decision 
making process and not being kept informed about any decisions. For the Parkwood 
landfill site case study health professionals successfully involved the local 
community in decision-making by creating a steering group in which community 
representatives were involved with the other relevant agencies in taking decisions 
regarding the health studies that were to be carried out (North Sheffield Primary Care 
Trust, 2003). This allows for the difficulties in assessing the impacts of waste 
management installations to be explained first-hand, and means that the local 
community know that their concerns are being taken seriously and that they are 
involved in decision making.
8.4.5 Toolkit themes
The following themes were identified as being important health issues related to 
waste. The toolkit describes these issues, explaining why they are important and also 
highlights actions that health professionals can take to deal with these issues.
• Site history
• Other sources of pollution
• Site management
• Identification of the main chemicals of concern
• Identification of all relevant exposure pathways
• Environmental monitoring
• Environmental modelling
• Unusual environmental conditions that may affect exposure
• Biological monitoring
• Biohazards
• Location of the local population
• Sensitive receptors
• Risk assessment
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• Health complaints
• Demands for an epidemiology study
• Traffic related issues
• IPPC
• Notification of other agencies
• Site visits
• Community involvement
• Incident meetings
• Incident recording
• Lessons learned
8.5 Health professional’s role in developing waste management strategies
8.5.1 Introduction
The EU Landfill Directive requires all UK local authorities to reduce the amount of 
waste that they send to landfill. All local authorities are now required to produce 
waste management plans describing how they intend to deal with their waste. When 
developing their waste management plans local authorities consult with all interested 
parties (South West Public Health Observatory, 2001). Ideally this is the stage that 
public health professionals should be getting involved with waste management and it 
is possible for them to make a very real impact. Health professionals need to ensure 
that health issues are considered in waste management plans. In Section 2 of the 
toolkit there is a background about how waste management policies can affect health. 
It discusses issues such as the waste management hierarchy, the proximity principle. 
Integrated Waste Management (IWM) and how health professionals can influence 
other agencies to try and manage waste in a more sustainable way.
8.5.2 Managing health sector waste
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Health professionals not only have a responsibility to ensure that society as a whole 
manages waste in a more sustainable way, but also to lead by example. The NHS 
produces 24000 tonnes of waste at a total cost of £40 million annually. This has a 
significant environmental and financial impact. The toolkit gives advice about how 
health professionals can improve waste management within the health sector and it is 
aimed at supporting health professionals in recognising the importance of these issues 
and to help them manage them better.
8.6 Review of the toolkit
In order to make the toolkit more relevant to the audience and user friendly draft 
versions were sent to a variety of people for comment, including CHaPD staff, 
academics, and public health professionals with different experience dealing with 
waste management issues. The feedback was used to prepare the final version of the 
toolkit included in Appendix B.
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9. Conclusions and recommendations
9.1 Introduction
This project has contributed to knowledge in two specific areas. Firstly it has 
improved understanding of exposure assessment around landfill sites and 
incinerators to assist with epidemiological, health risk assessment and 
surveillance studies. In addition, it has enabled the development of a toolkit that 
will be used by public health professionals to help deal with waste issues. The 
fact that the research took place within the Chemical Hazards and Poisons 
Division of the Health Protection Agency has meant that the project outputs will 
have a practical impact upon the way that chemical incidents are dealt with in 
the future. This chapter summarises the conclusions from the project and 
recommends areas were further research work is needed.
9.2 Exposure assessment around landfill sites and incinerators
9.2.1 The application of better exposure assessment around landfill sites 
and incinerators
This project has investigated exposure assessment around landfill sites and 
incinerators. Four case studies have been used to illustrate how atmospheric 
dispersion modelling and Geographical Information Systems (GIS) can be 
applied to health studies. The literature review in chapter 2 shows that similar 
approaches have been used to assist with health studies around other sources of 
pollution. Exposure assessment is still, however, a relatively new field and there 
remain many areas were further research is needed including using GIS 
(Nieuwenhuijsen, 2003) (Briggs, 2005). This research project has furthered 
understanding of exposure assessment in several ways. Firstly, this is the first 
time that exposure has ever been estimated using atmospheric dispersion 
modelling and GIS for an epidemiological study around a landfill site. 
Previously, some peer reviewed and non-peer reviewed published reports using
215
similar approaches for exposure assessment around incinerators for health 
studies have been published (Department for Environment Food and Rural 
Affairs, 2004) (Boudet, Zmirou, Laffond, Balducci, & Benoit-Guyod, 1999) 
(Rabl & Spadaro, 2002). However, the current project has applied exposure 
assessment around incinerators in slightly different ways and has come to some 
interesting conclusions. For the Newhaven case study in chapter 6, it has been 
illustrated that exposure to traffic pollution caused by vehicles travelling to and 
from the incinerator may actually pose more of a risk to health than emissions 
from the incinerator stack. Using a risk assessment approach for the Jersey 
incinerator, the research showed that while cancer risks from both a modem and 
an old incinerator were both extremely low, risks from a modem incinerator 
would be expected to be slightly lower. Chapter 7 illustrates how the results of 
atmospheric dispersion modelling can be applied to help with the design of a 
health surveillance system for a population living close to an incinerator. Health 
surveillance is another area where this form of exposure assessment is 
invaluable.
9.2.2 An examination of the relationship between distance from a landfill 
site and predicted concentrations of pollutants
The Parkwood landfill site case study outlined in chapters 3 and 4 presented a 
unique opportunity to establish the relationship between the two different 
measures of exposure; distance from place of residence to the centre of the 
landfill site and predicted concentrations of pollutants. The comparison of these 
two measures of exposure, shown in figure 32, illustrates that the relationship 
between the two variables is not straightforward. This suggests that it may not 
be appropriate to use distance from place of residence to the centre of a landfill 
site to assess exposure to atmospheric pollutants from landfill sites.
The initial epidemiological study using distance as a proxy for exposure found 
an increase in the number of self reported adverse health effects closer to the
216
landfill site (North Sheffield Primary Care Trust, 2003). In contrast, the 
epidemiological study using the estimates of exposure obtained from 
atmospheric dispersion modelling showed no evidence of an increase in self- 
reported adverse health effects with increasing exposure. Considering all the 
caveats mentioned in chapter 3, these finding suggest that atmospheric 
emissions from the landfill site are not the cause of an increased rate of adverse 
health effects close to the Parkwood landfill site. This finding is important for 
the local residents around the Parkwood landfill site, the site operators and all 
the environmental and health professionals involved with the incident.
Moreover, the conclusions of this research also have implications for other 
epidemiological studies around landfill sites. The fact that it may not be 
appropriate to use distance as a proxy for exposure to atmospheric emissions 
from landfill sites indicates a possibility that the results from all studies that 
have done this may be unreliable. It should be noted, however, that this research 
only investigated atmospheric emissions and did not consider other exposure 
pathways, therefore it can not conclude whether exposure estimated using 
atmospheric dispersion modelling and GIS is better than using distance as a 
proxy for exposure. It should also be noted that it was beyond the remit of this 
work to validate any of the estimates of exposure. Exposure via other potential 
pathways (illustrated in figure 38) therefore, also needs to be investigated.
These exposure pathways around landfill sites have not been investigated as 
thoroughly by scientists as the inhalation pathway for a number of different 
reasons, including the fact that less is known about these other pathways (Royal 
Society, 2004). It could well be the case that using distance as a proxy for 
exposure may represent true exposure better than only considering the air 
pathway.
9.2.3 The application of atmospheric dispersion modelling and GIS to 
estimate concentrations of pollutants around a landfill site
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Atmospheric dispersion modelling and GIS were both used to estimate the 
concentrations of pollutants around a landfill site. Estimating concentrations of 
pollutants around a landfill site (or any other source of pollution with an 
uncertain emission rate) is extremely difficult. The work outlined in sections 
3.6. and 4.3 used monitored concentrations of pollutants, along with information 
on the terrain, meteorology and site characteristics to estimate pollutant 
concentrations around the Parkwood landfill site. This was done using an 
inverse modelling approach, while the atmospheric dispersion modelling was 
initially carried out using an arbitrary emission rate. This estimated the patterns 
of pollution around the site, i.e. the relative exposure. By establishing the ratio 
between the relative exposure value and the monitored concentration of 
pollutants, it was then possible to estimate the concentrations of pollutants at 
unmonitored locations. The validation work in figures 15 and 16 illustrates that 
modelled short term predictions show a reasonable agreement with monitored 
data.
This approach is similar to the ideas outlined by Briggs (2005), who described 
similar types of approaches as ^"intelligent interpolation ” which should prove 
superior to other methods of predicting pollutant concentrations at unmonitored 
locations, such as kriging (Briggs, 2005). This type of approach is invaluable 
when estimating concentrations of pollutants around landfill sites, where there is 
significant uncertainty about emission rates. It could be used in combination 
with a network of monitoring stations to estimate the concentrations of 
pollutants around these sites and undoubtedly offers an advantage over other 
interpolation approaches. Similar approaches could be used for other types of 
chemical incidents where information available about emission rates is poor. In 
many acute chemical incidents, for example, fires, information about the 
emission rates is rarely available; however there may be some ambient air 
quality monitoring data. The approach outlined in section 4.3 would allow for 
the estimation of pollution concentrations in these circumstances.
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The work in section 4.2.1 illustrates that emission rates around landfill sites are 
difficult to quantify, as they vary both over the surface of the landfill site and 
also with time. Two approaches were used to quantify the emission rates, a flux 
tent, which directly measured emission rates over the surface of a landfill site, 
and a mathematical model that estimated the emission rates based on the landfill 
site characteristics. Both of these approaches were found to be unreliable at the 
Parkwood landfill site, with both significantly under predicting pollution levels. 
The exact reasons for this are unclear, although the work illustrated in sections
4.2 and 4.3 suggests that at least for the Parkwood landfill site, it is better to 
define the emission rates using an inverse modelling approach and to estimate 
exposure using this approach.
9.2.4 The sensitivity of predicted pollutant concentration values to extreme 
meteorological conditions
The work in section 3.11 illustrates how meteorological conditions that occurred 
extremely infrequently at the Parkwood site could lead to concentrations several 
orders of magnitude higher than those that occur in typical meteorological 
conditions. This may be important with respect to health risk assessments of 
these sites, which generally tend to estimate average long-term concentrations. 
This work suggests that short-term peaks also need to be considered in health 
risk assessments of these sites.
9.2.5 The limitations of using atmospheric dispersion modelling and GIS to 
estimate exposure
As well as highlighting the advantages of the approaches outlined in chapters 3, 
4, 5, 6 and 7, this work has also highlighted the potential limitations. This work 
identified two areas where uncertainties or errors could affect the exposure 
assessment. Firstly, there could be uncertainties or errors associated with the 
atmospheric dispersion modelling. The other area where uncertainties may
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affect the exposure assessment is in the linking of pollution data to population 
data
There are many areas where atmospheric dispersion modelling uncertainty or 
error may affect the results of the exposure assessment. Analysis of the 
meteorological data that was used for the dispersion modelling at the Parkwood 
landfill site indicated a relatively high occurrence of calm conditions (wind 
speeds lower than 1 m/s). This was important because Atmospheric Dispersion 
Modelling System (ADMS) cannot deal with calm conditions and simply skips 
lines of meteorological data were wind speeds are less than 1 m/s. Further 
modelling work that represented wind speeds below 1 m/s as 1 m/s (making 
various assumptions about wind directions) illustrated that this could 
significantly affect the exposure assessment and demonstrated the limitations 
associated with using Gaussian plume models for atmospheric dispersion 
modelling.
Uncertainties may also occur when linking the population data to the pollution 
data. Various assumptions were made about the population data, for example, 
that individuals spent all their time at their place of residence and that they lived 
at the postcode centroid. The fact that people constantly move around presents 
major difficulties when conducting exposure assessments. This research has not 
attempted to address this issue but recognises its importance. Sections 3.9.1 and
5.3.3 examined how exposures varied within individual postcodes. This 
exposure variation was found to be particularly significant for landfill sites, 
while the effect was less marked around the Newhaven incinerator. This work 
showed the importance of using population and health data from as precise a 
geographical area possible. The effect that this might have upon exposure 
misclassification was, however, deemed to be less important than the effects of 
other factors, for example, the fact that people do not spend all their time in one 
location or errors associated with the atmospheric dispersion modelling itself.
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9.2.6 Further applications of the approaches described in this thesis to 
other issues of relevance to the Health Protection Agency (HPA)
The lessons learned from the current research on exposure assessment around 
landfill sites and incineration were always intended to be transferable to other 
sources and pathways of pollution. Some of the lessons learned from this work 
were used to help with an epidemiological study following a large fire that 
destroyed a plastics factoiy in Paignton in 1999 (see Appendix D) (Kinra et ah, 
2005). During the fire, a decision was made to evacuate some nearby residents 
to a local leisure centre. During fires, the Chemical Hazards and Poisons 
Division London (CHaPD) generally advise that residents should stay indoors 
and close windows and doors instead of evacuating, which may lead to exposure 
to higher concentrations of smoke. After the Paignton fire, an epidemiological 
study was carried out to determine whether this was the correct decision by 
comparing adverse health effects between the residents who were evacuated and 
those who sheltered in their own homes. The epidemiological study was initially 
carried out using distance from the fire to place of residence as a proxy for 
exposure. This established that evacuation did not offer any protective 
advantages over sheltering. However, the poor exposure assessment, which 
ignored environmental factors meant that the results of this work could not be 
published.
The results of the epidemiological study were later reanalysed using improved 
estimates of exposure. The Met Office with CHaPD support undertook 
atmospheric dispersion modelling, using the Numerical Atmospheric dispersion 
Modelling Environment (NAME III) (Jones, Thomson, Hort, & Devenish,
2006). This modelling used real time meteorological data from the nearby 
meteorological station to predict relative concentrations of pollutants over the 
48-hour duration of the incident as well as a six hour run for the period before 
the evacuation took place (see figure 50). The Geographical Information System 
(GIS) software package Arc View version 3.0 was used to link the relative
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concentrations of pollutants to postcoded population data to estimate exposure. 
Using this exposure assessment, the epidemiological study again showed that 
evacuation conferred no protective advantage over sheltering and that there was 
some evidence of adverse health effects associated with evacuation. The 
research paper made the front cover of the British Mcdiccil Journal and the 
associated commentary was widely publicised (Baxter, 2005;BBC News, 2006). 
The work resulted in the prevailing CHaPD advice on such situations reaching a 
wide audience of health professionals and emergency responders, which should 
improve the management of similar situations in the future.
This illustrates the potential for the application of improved exposure 
assessment for chemicals incidents. As Chapter 2 demonstrates, it is possible to 
carry out exposure assessment using dispersion modelling and GIS, however, 
this has not been used widely carried out.
222
Figure 50 Estimated relative 48hour exposure from afire in a plastics factory 
(Kinra, Lewendon, Nelder, Herriott, Mohan, Hort, Harrison, & Murray 2005)
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9.2.7 The merits and challenges of interdisciplinary work for exposure 
assessment
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Proper exposure assessment requires an interdisciplinary approach. In the past, 
the use of distance from place of residence to the environmental hazard was 
used as a proxy for exposure. This did not necessarily require an 
interdisciplinary approach, and epidemiologists and statisticians could estimate 
exposure without help from others. Better exposure assessments that should 
improve the quality of health studies cannot be completed by epidemiologists, 
public health or health informatics professionals alone. This requires input from 
environmental scientists and environmental engineers, who have expertise in 
pollution movement from a source of pollution through the different exposure 
media. The data that these experts generate then needs to be linked to 
population data using GIS. This would require GIS experience and an 
understanding of how to link population and pollution data for such studies. The 
whole process might benefit by being led by a health professional, for example, 
an epidemiologist who is ultimately the end user or ‘customer’ of the exposure 
data. The health professional should understand what the exposure assessment is 
needed for and should, therefore, be able to direct those estimating exposure.
This, however, presents some challenges. Teamwork for any project that 
involves people with different backgrounds can be difficult. There are different 
reasons for this, for example, differences in working practices or different 
outlooks on issues. This might be seen as a drawback in using an 
interdisciplinary team, however, it need not hamper the exposure assessment. 
One way of making interdisciplinary work easier is to ensure that any technical 
terms or acronyms are fully explained.
Interdisciplinary research for exposure assessment does pose some challenges. 
Better exposure assessment, however, is one of the key ways in which the health 
effects of environmental hazards can be determined. This means that 
interdisciplinary work cannot be avoided and will become more important for 
environmental epidemiology in the future.
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9.3 Development of a new toolkit for dealing with waste incidents
Chapter 8 describes how a new toolkit has been developed to help health 
professionals when requested to advise about health impacts of waste issues.
This toolkit has been developed through experience gained dealing with the case 
studies illustrated in chapters 3,4, 5, 6 and 7, a thorough review of previous 
waste incidents at CHaPD (L) and a review of other tools for dealing with 
chemical incidents. This review indicated that incidents at landfill sites and 
incinerators may not always be appropriately dealt with, suggesting a real 
practical need for the toolkit. Some limitations were found to be associated with 
the exposure assessment, incident management and incident recording in a 
majority of waste incidents. The toolkit has been designed to address these 
issues. This is the first time that specific advice has been developed for this 
purpose. The research has identified all the relevant issues and suggested 
actions that public health professionals can take to deal with complex waste 
incidents, saving both time and resources.
This research also indicates that public health professionals rarely get involved 
with local waste management policy. Also, there is no evidence that any of the 
broader environmental and health-related issues associated with waste 
management, such as the health effects of resource use and global 
environmental health, are being dealt with by health professionals.
The recent Department for Environment, Food and Rural Affairs (Deffa) review 
of waste management and health was criticised by the Royal Society because it 
failed to take a life-cycle view of waste management. This criticism could 
equally be applied to the HPA position on incineration (Chemical Hazards and 
Poisons Division, 2006) that took a similar approach with absolutely no 
consideration of any health effects other than those due to toxic air pollutants. 
Chapters 5 and 6 of this thesis illustrate that risk assessments of atmospheric 
emissions from modem incinerators will always predict low health risks for two
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reasons. Firstly, if it is assumed that the incinerator is well managed, the 
emission rates will always be low. Also, the fact that incinerators have high 
stacks means that the estimated long-term average concentrations of air 
pollutants that people will be exposed to should also be low. However, this 
means that for some of the pollutants, for example, heavy metals, the most 
important exposure pathway to investigate is not air, but soil and/or water 
(Hellweg, Hofstetter, & Hungerbühler, 2001).
The HPA position on incineration fails to frame the waste management problem 
within the context of sustainable resource use. Instead of merely commenting on 
the toxicological impacts of one exposure pathway, the HPA need to ensure that 
waste is managed in the most sustainable way possible considering all potential 
impacts upon human health. The Health Protection Agency (HPA), therefore, 
needs to recommend that tools such as life cycle assessment are used by local 
authorities when they develop their waste management plans. The HPA needs to 
be proactively involved with waste management policy at a local level. Given 
the current limited skills and resources available to the HPA, it is unlikely that 
this will happen in the short term. Ideally, the health impacts of all waste 
management strategies should be fully assessed and recommendations should be 
made about how to improve them. This is not likely to happen because of time 
and resources constraints. Instead, it might be more realistic if the HPA advised 
local public health professionals to ensure that when local waste management 
plans are drafted, approaches such as LCA are used by those drafting the plans, 
to determine the most sustainable waste management option.
Ultimately, there needs to be more long-term investment in improving the 
health responses to environmental hazards. In addition, more trained personnel 
with expertise in both environmental science and health are needed at local, 
regional and national levels. Currently, local public health professionals do not 
have the skills, resources or time to deal appropriately with environmental
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hazards including waste management. Until this situation is rectified 
environmental hazards will continue to be inappropriately managed.
9.4 Recommendations for further work
9.4.1 Consideration of aU relevant exposure pathways from landfill sites 
and incinerators
All of the exposure assessment work carried out in chapters 3,4, 5, 6 and 7 only 
considered the inhalation pathway. This project has not, therefore, investigated 
all aspects of exposure in any of the case studies, as this would have involved 
consideration of all the exposure pathways shown in figure 38 which was 
beyond the remit of the research. These pathways may not always be relevant 
around every landfill site or incinerator, depending on site-specific conditions; 
however, ideally they all need to be considered. Most risk assessments around 
these installations only consider the inhalation pathway (Redfeam & Roberts, 
2002) (Department for Environment Food and Rural Affairs, 2004) (Redfeam, 
Roberts, Dockerty, May, & Huisman, 2002) (Boudet, Zmirou, Laffond, 
Balducci, & Benoit-Guyod, 1999) (Rabl & Spadaro, 2002). One possible reason 
that exposure around these sites via the inhalation pathway has been studied 
more thoroughly than other exposure pathways is that more is understood about 
pollution movement in air (Royal Society, 2004).
Part of the EUROHAZCON study (which found a statistically significant 
increase in the rates of congenial anomalies within 3 km of some hazardous 
waste landfill sites in Europe) involved attempting to rank the hazard potential 
of hazardous waste sites (Dolk et al., 1998) (Vrijheid et al, 2002). A panel of 
landfill experts was asked to rank the hazard potential of 20 hazardous landfill 
sites in three categories: air, water and overall. This represented an attempt to 
investigate whether sites classified as posing a greater potential hazard were 
those with a greater risk of congenital anomaly among nearby residents relative
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to distant residents. This work did not find any overall relationship between an 
increased likelihood of cognitional anomalies and an increase in overall hazard 
or air-related hazard (as defined by the panel of experts). However, it did find a 
borderline statistical significance between increasing odds ratios of congenital 
anomalies and increasing water hazard. The study suggested that one 
explanation for this is that ''water is a more important exposure pathway than 
air for sites in this study” (Vrijheid, Dolk, Armstrong, Boschi, Busby,
Jorgensen, & Pointer, 2002). The research concluded that "Knowledge about 
pathways o f potential exposure to landfill sites is as yet severely limited, adding 
to difficulties in interpretation o f these findings” (Vrijheid, Dolk, Armstrong, 
Boschi, Busby, Jorgensen, & Pointer, 2002). This suggests that there is a real 
need to improve exposure assessment around landfill sites by considering all 
relevant exposure pathways. It is important to note that this is also potentially 
relevant for incineration, as incinerator ash, (were a considerable percentage of 
the toxic material produced by incineration is concentrated) can also get placed 
in landfill sites.
The soil and water exposure pathways are not as well understood as the air 
pathway around these sites (Royal Society, 2004). This is due to several 
reasons, including the fact that it can take hundreds to thousands of years for 
contaminants from a well-lined landfill site to move into the environment 
(Finnveden, 1999). This complexity, however, is not a reason to ignore these 
exposure pathways; instead they need to be further investigated. If it was 
feasible to estimate exposure for all exposure pathways it would then be 
possible to integrate exposure from all the different exposure pathways using 
GIS.
9.4.2 Exposures at low wind speeds
Section 3.8 illustrates the problems associated with using Gaussian plume 
models to model concentrations of pollutants when there are wind speeds below
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1 m/s. In situations where there are a significant number of low winds speeds, it 
may be more appropriate to use advanced dispersion models which can deal 
with these calm conditions, for example, CALPUFF. This model has been 
developed by the United States Environmental Protection Agency (USEPA) 
(Bluett, Gimson, Fisher, Heydemych, Freeman, & Godfrey, 2004). The effects 
that low wind speeds have upon exposure need to be fully investigated, as calm 
conditions may result in concentrations of pollutants that could cause adverse 
health effects.
9.4.3 Communication of scientific research work to professionals and the 
general public
When carrying out the research for these case studies, one of the biggest 
challenges was communicating the methods, results and conclusions to other 
professionals and the general public. This is unsurprising, as exposure 
assessment is extremely complex and, therefore, difficult to understand. 
Communication is an important part of the exposure assessment. Scientists 
carrying out exposure assessments need to be appropriately trained so that they 
are able to explain their work to others. Communication is important, so that 
everyone understands what exposure assessment is, why it is important for 
health studies, how the exposure assessment is carried out and, secondly, to 
make the process more transparent.
9.4.4 Development of GIS for exposure assessment within CHaPD
The examples illustrated in the case studies as well as the literature review 
illustrate that GIS has enormous potential for exposure assessment. The case 
studies outlined in this thesis represent the only occasions where GIS has been 
used for exposure assessment by CHaPD (L). GIS is, therefore, a vital tool and 
is an area that the CHaPD of the HPA should invest resources in. The HPA and 
the other agencies that are involved in regulating or advising on environmental
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hazards collect a large amount of data that could be used for exposure 
assessment. Firstly, a specific plan is needed to investigate how GIS could be 
used to help with CHaPD’s daily work assessing exposure. There needs to be a 
specific plan of when and how GIS should be used, including training specific 
CHaPD staff, to avoid GIS only being used as a one-off tool and to allow it to 
be used more frequently for the investigation of the health impacts of 
environmental hazards. As illustrated in the case studies and in the literature 
review, the availability of good quality environmental data is a major challenge 
in this type of exposure assessment. CHaPD needs a protocol whereby specific 
data can be requested in certain types of incidents. It already collects a large 
volume of environmental data through its work assessing IPPC applications, as 
well as acute and chronic chemical incidents. These data could be collected 
electronically and used alongside population and health data with GIS for 
exposure assessment if required.
9.5 Closing Statement
Exposure assessment is an intricate part of understanding the health effects of 
environmental hazards. Proper exposure assessment to environmental hazards is 
extremely important and poses a significant technical challenge. It is a central 
element in the overall picture that describes how the environment affects human 
health. Its importance needs to be recognised by those conducting research in 
environmental health and proper exposure assessment needs to become a key 
part in the design of environmental health studies, with consideration being 
given to all relevant exposure pathways.
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